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CLASSICAL THEORY OF SPINNING PARTICLES 


By H. J. BHABHA, PH.D. 


Received March 21, 1940 
(Communicated by Sir C. V. Raman, &Kt., F.R.S., N.L.) 


It is well known that the heavy particles, namely the proton and neutron, 
have an interaction with the meson field characterised by the “ charge”’ g, 
and an explicit spin moment g,. The latter is known to lead to a scattering of 
neutral mesons which increases as the square of their energy, and it has 
often been thought that in consequence this term would lead to the type of 
explosions investigated by Heisenberg. It is clear, however, that in quantum 
theory, the reaction of the emitted or scattered radiation has not been taken 
into account, the effect of which would be to diminish the scattering. This 
radiation damping cannot at the moment be included properly in a quantum 
theory, but one can approach the problem if one can build up a complete 
classical theory including radiation damping. ‘The point at which radiation 
damping begins to become important in the classical theory may then be 
taken to indicate the point at which one might expect the quantum theory 
to fail due to its neglect of this factor. Indeed, the well-known limitation 
of the correctness of the quantum theory of the electron upto energies of 
roughly 137 m (the velocity of light is put equal to unity in this paper) 
is based on a comparison with the classical theory of the electron by 
Lorentz, in which radiation damping became important at these energies. 


An attempt at a non-relativistic treatment of damping has already been 
made by Heisenberg (1939) for a dipole of finite extension by a method which 
is analogous to that of Lorentz. His results do not agree with those of this 
paper even in the limit of a point dipole and we believe that this discrepancy 
is due to the method being inherently unsound. It consists in taking retarda- 
tion into account for the field produced at one point of the dipole by a portion 
of the dipole at another point, while the different parts of the dipole are 
assumed to move together simultaneously. In the case where the field is 
the Maxwell field which propagates itself with light velocity, this procedure 
is inherently absurd, for it assumes that different parts of the dipole know 
what the other parts are doing in a time far less than that required for light 
to travel from one point to the other. 


In this paper therefore we shall deal with a point dipole with no extension, 
and it will be shown that completely consistent relativistic equations free 
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from singularities can be found for this case. For simplicity we shall make 
the assumption that the dipole has only a moment gz, but no charge, 1.e., we 
shall put g, =0. The dipole will be characterised by an antisymmetric 
six-vector S,,, and its velocity will be denoted by v,. In this paper we shall 
restrict ourselves to the case where the equations are so chosen that S,, v” = 0. 
The dipole then always remains a pure magnetic dipole in the rest system. 
The general case where g, + 0 and S,, v” is variable will be dealt with in 
another paper with Corben. Equations for the case where S,, v” = 0 can be 
derived at once from the general treatment by a procedure which is given 
there, but the general theory is so much more complicated that there is point 
in giving the derivation of these equations by a direct method. 

We shall further restrict ourselves to a Maxwell field. It has been shown 
in an earlier paper (Bhabha, 1939 a) that the finite rest mass of the meson 
introduces no essential difference from electromagnetic theory for high ener- 
gies, so that the results of this paper will also give a good indication of the 
behaviour of neutrons in a meson field. The exact treatment of the meson 
field will be carried out in the paper with Corben. 


General Theory 


We shall follow a method first used by Dirac (1938) in his classical theory 
of electrons. Take the world-line of the dipole as given, and also the direction 
of its spin at every point of it. The co-ordinates of the dipole denoted by 


> = 


z, (7) are functions of the proper time t measured along the world-line from 
some arbitrary point on it. 
All calculations in this paper will be done assuming that for all time 
Su» = 0. (1) 
The equations derived by differentiating (1) are 


~ 7 “ a pe 
S,’ +S,,07 =0 
oon oa Py . meh i 
Su + 25yy W + Spy ” = 0 (2) 
+ 35,, uv + 3S,, v + 5S,, vu =0 
a + 4Su» vu" + 6 Si vy + 4S uy uv’ Sys vos 0, 

where we have written for brevity 

”w_e ” te _ Se y me HS 
» Sho = Su” Sue’ = Sw, Sy" = Sy, v” (3) 
We shall then have to show that the equations of motion are such as to 
preserve the equation (1) if it is valid initially. 


F < 
Ss,’ # S,, v” 


Assume the Maxwell equations to be strictly valid in the whole of space 
except on the world-line. The retarded field due to the dipole at any point x, 
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is then determined by the Maxwell equations and is given by 


ret P) ret Pa) ret 
. ae we pe 4 
where the retarded potentials are given by 
ret P) S 
@ = — sy ( er) . 5 
v os. d%y K ( ) 
Here 
S, @%, — % (79) (5 @) 
k = S, ve. 
s, is the distance from the actual point to the retarded point determined by 
Sy S*& = {%, — 2, (To)} {x* — 2% (ro)} =O. (6) 


In performing the differentiations in (4) and (5) account has to be taken of 
the corresponding change of the retarded point. The method has _ been 
given in the previous paper (Bhabha, 1939 a). 

The actual field F,, at any point is equal to the retarded field due to the 
dipole plus the ingoing field. 


) n = | Fn» (7) 
The energy momentum density tensor T,,, of the field is 
“  s : 1 : 
— | F?,, + t Sup Fi Fee, (8) 
The metric tensor z,, is taken to have the form go9 = 1, 211:=822.= 
%33=— 1, with the other component vanishing. 


We now introduce as in a previous paper (Bhabha, 1939 6) a tensor M,,, to 
represent the angular momentum density of the field, defined by 


My» = X , an — Xu , oe (9) 
which satisfies the equation of conservation 
d 
-\ ax 0. 
dx, Tuy 


Now take a world-tube surrounding the world-line of radius ¢, defined 
as before by 

K = S, uh =e. (10) 
If dS” be an element of surface of this tube taken as positive when the normal 
is directed outwards, then the flow of energy and momentum into the tube is 

given by 
[Vy as”. (11) 
An integration over the surface of the tube can always be considered as an 
integral over a two-dimensional spherical surface with the retarded point as 


centre, and then an integral along the world line with respect to the retarded 
Ala B 
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point. Thus (11) can always be written in the form 
BS Qy Te 

Feu cy = tts dr. (12) 
For the conservation of energy and momentum, this must only depend on 
the conditions at the ends of the tube, so that the integrand must be a 
perfect differential. Therefore we must have 

T, = A,. (13) 

A dot above a letter represents differentiation with respect to the proper 
timer. For conservation of energy and momentum, the dipole must so 
translate that (13) is satisfied ; in other words, (13) determines the trans- 
lational motion of the dipole. 


The flow of angular momentum into the tube is given by 
I Myyy a8”. (14) 
Using (9) and the definition of s, it can be written 
J (sx Tar — Sy Tr») AS” + J (2, Tay — 2 Tro) aS”. 


In view of what has been said above about the integration over the surface 
of the tube, the first integral can always be written in the form 


[? My, & 
Ty 


while the second becomes 


T2 LA hs fr 
JO (& Ty — % Th) ae. 


Ty 


Using (13) we find 
T > . . 
M,,, dS’ = [° dr (M 7 oe 
I Au I. T {My + 2 Ay m ANS 


T2 ( d ) 
= dr Mu << (vy A, — Vu A,) a - (2) Au — Zu Ay) j- 


> 


For the conservation of angular momentum, this must only depend on the 
conditions at the two ends of the tube, so that the integral must be a perfect 


differential. Put it equal to By, 4 = (z,A, — 2, A,). This leads to 


. M,, — (v A, — v, Ay) = B,,. (15) 
Thus, for conservation of angular momentum, the dipole must so rotate that 
(15) is satisfied. In other words this equation determines the rotation of the 
dipole. To give the equations for the translation and rotation of the dipole 
explicitly we must determine A, and B,,. 
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It is convenient from now on to adopt the following notation. The 
invariant formed from two tensors A,,, B,, will be denoted by (A B) 
(AB) = A,, BY 
A? = (AA) = Ai, A’. 
The invariant formed from any combination of tensors and vectors will be 
written in the usual matrix notation. Thus, for example 


(vSS Sv) =v, SY“ S,, 8,’v 
1/92 —_ 47 , a 4 , s/h 
S’ = (S’S’) =5,' S”. 
Now the equations of motion must be such that the absolute magnitude 
of the dipole does not change. In other words 
Su S“” = constant. (16) 
The equations which follow from this by differentiation are 
(SS) = 0 
(SS) + S? =0 (16 a) 
(SS) +3(SS) =0. 
(16) demands that the rotational equation (15) must be of the form 
TSyy = Srp Cy — Sup CPr. (17) 
Here I is an arbitrary constant and C,, an antisymmetric tensor. In fact 
(17) is the most general form which corresponds to an infinitesimal rotation 
of axes, or conversely, to an infinitesimal rotation of the dipole. (By rotation 
is meant here a spatial rotation as well as a Lorentz transformation.) In order 


that (17) should not be inconsistent with the equations (2), we must have 
remembering (1) 


I Siu ve = Sy», Cpr a. (18) 
This can be satisfied identically remembering (34) if we put 
CoH = —I (ve vw! — vi ve) + C’oH (19) 
where C’P¥ satisfies 
CH v, = 0. (20) 


Thus, if (1) is to be preserved, the rotational equation (15) must have the 
general form 


TS, =—I (Syp 0 % —Syp Vu) + Syp CP, — Sup C’A 
=—I(y, 5,’ —v, S') +S, C%, — S,, Ch”, (21) 
with C,,,’ satisfying (20). 
Suy is not the most general type of six-vector, since it satisfies the equation 
(1). It is easy to show that for such an antisymmetric tensor, a system of 
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co-ordinates can always be chosen in which it takes the special form S,, = 
— So, 0, with all the other components vanishing. In this co-ordinate 
system, by (17), Sig =Se1 =S3q =Sa3 =0. Thenit can be verified easily 
that in this special co-ordinate system 


4 4 4 — 1 4 {/ <9 
Sup ~ ad Dov ee a ae Sup (S ) 
. Gpod = 99 
Sup 5° So, = 0 (22) 
r “s 4 4 = r ‘8 49 
D#* Syp 5°? Soy = $ (D™ Syy) (5?) 


Here D), is an arbitrary antisymmetric tensor. But these equations which 
can be verified in this particular frame of 1eference are already in tensor form, 
and hence are true in any co-ordinate system. 


We now turn to T,. Due to the quadratic form (8) of T,,, and the split- 
ting of F,, into two parts by (7), it can be written as the sum of two parts 
if we neglect terms that vanish when « — 0. 

ret mix 
T, =T, + T 


be 
ret 


T, consists of the terms which are multiplied by g, and does not contain 
mix 

the ingoing field while T, contains the ingoing field and is proportional 

to g,. Corresponding to this we may write A, in three parts. 

ix mech 


ret m! 
A, =A, + A, 


The first is proportional to g,”, the second to g, and contains the ingoin 
&2 


+A. 


52 
mech 


field, while A, corresponds to the mechanical part of the energy and 
does not contain gp. 


Introducing 
self ret . ret - 
tT, =T, —A,., (23) 
(13) then becomes 
self mix - mix - mech 
T, + T, — A, =A, . (24) 


Similarly M,, consists of two parts 
tet mix 
My, = Ma, + Ma, 
and we may correspondingly write B,, as the sum of two parts 
ret mech 
By = Bau + By’ 
mix 
It will be seen below that B,, does not exist for dimensional reasons. 
Writing, corresponding to (23) 


self ret ret ret ret 


May, = May — (Xx Au — % Ax)— Bay (26) 
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(15) can be written 


self mix mix 
My, + ™M,, mee (vy A, — Vy A, )] 
- mech mech mech 
= Byy oS Vx A, — Te Ay . (26) 


The retarded, mixed and mechanical terms in (26) contain different 
combinations of the fundamental constants, the first containing g,”, the 
second go, and the third being independent of g.. Hence each of the first 
two groups of terms by itself must be of the form of the last two terms on 
the right-hand side of (21). 


The Equations of Motion 


To proceed further it is necessary to know the exact expressions for 
T, and M,,. These have been calculated in another paper by Bhabha and 
Corben. It is shown there that 


T, = &| — I A; ee 
_ [- be ( i) dr (3 ee vy +4 Fog * | (27) 
and 
" : : _ in 
Myy = S2 (Sy? Fon > S,” Fox + § 2 Sus Fry, — 2 v, Sig EF v,]. (28) 
Now put 
mix " m 
Ay = 259 (— } a ory, — 1 Uy Y.. Spe) 
mech 
pani (29) 


mech 


By,= 1 Sy, 


where M and I are arbitrary constants, the first having 
a mass, and the second those of angular momentum. 


the dimension of 


The equation (24) then becomes 
self 


ms °) aes : d ( — , coil ) 
2. ; ave 9) wa : ‘ 9) =e 0.7) 4 Spo _| x: *S 
#3 >yH ( po) see = Mu, ae i £25 y0 Vy +} Sey Fog SP°+IS j (30) 


while (26) becomes 


self in in in 
My + 82 | Sx" Fou 77 ~ Pd Fe. + YU , Vy — Uy Sas Ferg | (31) 
-I (vx, S$,’ — ay, 4; = = ] $,,.. 


self 
Except for the term M), , which we have to a: (31) is just of the 


ret 
Tequired form (21). We see now that A, and By, have to be so chosen 


self 
that M,, is of the form 
self 


May = 82° (Syg D%, — Sue D%) (32) 
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with 
D,, vw = 0. 


ou 


Contracting (30) with v,, and remembering that 


. in 
v + a( Foe) Ser = I, See 
we get 


self e , 4 . . 
wv T, +3282 (Fes po »? Pr ) + 82" Sue FY vy = 1 ( Suv ”). (33) 


Use has been made of some of the relations 


(vv) + 3 (vv) = 0 (34) 
(vv) + 4 (vv) +32 =0. 


Contract (31) with — ated — SHS). Using the relations (22) and 
remembering (1), (2) and (32) it follows quite easily that 


1 in - 1 in in i 
E g* (Dar or) re. 5 82 (1 po See ) + 5 8s (% F.. wv — Uz Fy”) SAc 
- I (0 ~ Ox?» ) ad F = 0. 


Dividing by S?, this is just 


bg? (DS) + bee (E"S) ee (VS Fv) = —I(vS%. (35) 
The terms on the right-hand sides of (33) or (35) vanish for 
UP Sup vy = — UH Sap v= 0. 
Hence in order that (33) and (35) should be consistent, we must have 
self . 
oj) TS a 2 : 
v4 T, = $2.” (DS). (36) 
’ mix . : paren 
We now see that the choice of A, was unique. The first term in it 


was chosen so as to change (28) into the form of the last two terms on the 


right-hand side of (21), while the second term in ag had then to be such 
as to make (33) and (35) consistent for the term a 
mech mech 
The choice of A, and By, is not unique. There are other possi- 
bilities which will be discussed in the paper of Bhabha and Corben. The 
choice (29) is equivalent to treating the spin as a pure gyroscope with no 
mechanical moment of inertia perpendicular to the axis of the spin. M plays 
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the part of the mechanical mass. Both M and I may be given any values 
we please, and there is no connection between them. 


The equations (30) and (31) neglecting the damping terms have already 
been derived by Frenkel (1926) by another method. 


The Reaction of Radiation 


ret 


It is only left to determine A, and m, These have to be so chosen 


Me 
self 
that M,, should have the form (32) 
ret ret ret 
{My — (% Ay — %4 Ax) - By} = gs *(SypD%—SypD%y) (82 2) 


Dy,v =9, 


ve fc, on An) = } s 72 (Dy, § S? ) (36) 


It will appear presently that these two conditions are so stringent as practi- 


and 


ret ret 
cally to determine A, and B,, uniquely. 
As is well known, the retarded field of a dipole has a singularity of the 


ret ret 
order «*. Hence both T, and M,, will have singular terms which tend to 
infinity as e +0. We therefore write 


(e 
where T,, contains all the terms which are singular. 
Similarly we write 
ret (e) (0) 
My, = ge (Mu re My ) (38) 


ret 


(e) : 
where M,, contains all the singular terms in M),. 


In the paper of Bhabha and Corben* it is shown that 


no) d fl 1 Se ‘ 
~* mls(-3 “me s*) t a(- 5 Uy St — ts Sue s) 





* These singular terms have been calculated by Dr. H. C. Corben, 
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and 
( ° ; 
M.. t+. as os + Aa sol + » te S Sov y 
.' Nu << e | 5 YY nn” 15 “rD “ue * j P oe “A ~ue * Uy 
| Bay . i ='s i a = = 2.2 ¢ <a a ae a Sig 
' @ "a Sue S) ) 7 € ar } rs “yh “sz S) 3 Dro wp 15 Vy Sue S a | Re (40) 


The minus sign at the end of a bracket means that similar terms with A and 
p intercharged have to be subtracted. 


si = . ret x : (e) 
Corresponding to (37) we split A, into two parts, of which A, contains 


the singular terms 


ret : (€) (0) 
Ay = & (A, + Ay ): (41) 
(€) 
A,, is chosen so that 
(e) - (e) 
tT ~Aa, =@ (42) 


The fact that (39) is a perfect differential makes this possible. Thus by (23) 
self (0) . (0) 

zt, = af (FT, — Ay): (43) 

and is now entirely free from singularities. It remains finite when « +0. 


ret 


(40) shows that all the singular terms in M), are mot perfect differ- 
entials. However, the terms in square brackets in (40) which are not 
perfect differentials are just sufficient to compensate the singular terms 

(e) (€) 


~ (vy Ay ee A) ) 


in (32 a). ‘Thus we may write 


ret (é) (0) 
By, = £2 (Bay + Bay) (44) 
(0) (€) 


where B,, has no singular term and By, is just equal to the term in curly 
brackets in (40) which is a perfect differential. It then follows that 
self (0) (0) (0) . (0) 
My, = 82? {May — (%) Ay — % Aa) — Bay} (45) 
is entirely free from singularity, and remains finite when « > 0. 


We have thus shown that it is uniquely possible to subtract the infinities 
which occur in the ordinary flow of energy, momentum and angular 
momentum out of a tube for a point dipole. That this is possible depends 
on these terms or certain combinations of them being perfect differentials. 
I believe that this very fact shows that the energy momentum tensor of the 
field (8) has not the correct form when point charges and dipoles are present. 
Indeed, the derivation of expression (8) to represent the energy density of 
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the field can only be done properly when no singularities are present. This 
line of argument is also that of Pryce (1938), who has shown that at least 
for a point charge, the expression (8) can be modified so as to give the total 
electromagnetic energy of a uniformly moving point charge to be zero. 


It now only remains to determine A, and By, This is done in the 
appendix. It is there shown that the conditions (32 a) and (36) suffice to 
determine these quantities completely, except for one dimensionless constant 
which we call d. The result of the appendix is that 


self 


My, ra £2" {Syy vy, a Sue D’,} 


with 
Dy, = 4(S,' o, — Sy’ ¥,) + (@— 8) (S," 9, — S," 2) 
+ 2 (d + 3) (Syp vp ™y — Sup vp v,) — #(S,"" — ~ aed v,) (46) 
+4#58,, +(@-2)(S,'v, —S,'v,) 2% +25, 2 
Using (2) it can be easily verified that 
D,, ve = 90. 


The rotational equation (31), which is now completely determined may be 
written in a slightly different form 
IS, +1 (% Sy’ — v% Sy’) = (Sy? (gs? D 
=i 29 (Foy vw G50 Fyy w Ug) } | — (47) 
This clearly shows that it is of the required form (21). Moreover, on con- 
tracting it with v, we see that it vanishes identically if (1) holds. That is, 
in the rest system in which vy= 1, v;=v,=v,=0, the equation vanishes 
identically when either of the suffices A or » is zero. Thus in the rest system, 
the equation (47) only determines S,,, while 8,9 is then directly determined 
by the first of equations (2).* We thus see that equations can be given 
consistent with the condition (1), in which there is nevertheless no connec- 
tion between the constants g,, 22, M and I. 


This is in disagreement with 
a previous paper of Kramers (1934). 


There is only one arbitrary dimensionless constant d in (46). The con- 
servation laws do not suffice to determine this. In view of the fact that 


(0) 
there are 15 possible independent terms in A, and 6 possible independent 
(0) 


terms in B,,, it is remarkable that the coefficients of all these can be 
determined in terms of one arbitrary constant. 


* Latin suffices only run from | to 3, Greek suffices from 0 to 3, 
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self 
T, is given explicitly in the appendix, and due to relativistic factors 
in the coupling of the spin and translational motions is rather a cumbersome 
expression. It also contains the one arbitrary constant d only. ‘This com- 


pletely determines the translational equation (30). It should be noticed 
self wre ove 

that T, contains v, explicitly while the equation (47) contains S,, expli- 

citly. The conditions necessary to make the solution of the equations 

perfectly definite have therefore to be investigated. 


If v, vanishes, then (47) takes a particularly simple form. We may 
now choose the system of co-ordinates to be the rest system in which v, = 1, 


”) 9) 


Vy=Vg=Vz3=0. Then (47) takes the form 


I Sa = 9 (sv F a + s/” mk) - $ £2" (syn Sm ia S/” Smk . (48) 
This together with (16 a) shows that in the absence of the ingoing field, if 


Sz vanishes, then S,; also vanishes. Thus in order that Sz, should continue 
to be zero in the absence of an external field, we must have initially 


Vu = QO, Sez — Q, Sez =< 


It is shown in the appendix, that if further v, vanish, then the trans- 


lational equation (30) requires that v, should vanish. v, is still undetermined. 
Thus, in order that in the absence of an external field the dipole should 
continue in a state of uniform motion, it is necessary that initially v,, v, 
and v, should all vanish. ~ the same condition for the rotational equa- 


tions requires that S,, and § 4 should vanish. Thus the solution of the 
equations of motion (30) and (47) is completely determined in any given 
external field if initially the velocity and direction of the spin are given, 


and finally, when the external field was died down, 
made to vanish. 


a? Ra 


Lastly we give the equation (33) explicitly. 


ta:(F'S) — a(S’ Fv) + 8 {a ($8) -a(ss”) +48 
+ ( - #) ( (s" $v) 4 (a rs ) Sy 2 ( + :) (@ S§ ) 
\ 
;) = 
+d = 0. (49) 


The damping term in equation (48) can be derived ae, from quite 
elementary considerations. It must clearly be proportional to g,?, and 
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hence it must be quadratic in S,;. It must further be of the form of the 
last term on the right of equation (21). It then follows from dimensional 


reasons that it must involve S,;;. Hence it must be of the form 


a £2" (Sem sm, — Sim S”,), 
where @ is a numerical constant. Consistency then requires that this con- 
stant a must have the value — 3. ‘This will be proved in the next section 
by considering the scattering of light by the dipole. ‘The energy radiated 
by the dipole must be equal to the work done by the incident light on the 
dipole and from this it follows that a = — 3. It is obvious that the general 
equation (47) cannot be derived from such elementary considerations. 


The Scattering of Light by a Dipole 


If we only wish to consider the effect of rotation of the dipole in scattering 
light, we may simplify the problem by putting M = oo, since this is an inde- 
pendent constant. ‘Then the M %, term dominates all the others in equation 
(30) and it follows, as is otherwise obvious, that v, is zero. In this case, 
we have then to solve the simple equation (48). 

Introducing a space vector M defined by 
2 —" = - 
M; = Sim M, = Smbo M », = Se (50) 


the equation (48) may be written in vector form 


IM =g,(M.H| —3g2{[M.M1). (51) 
Consider a light wave of frequency w/27 moving along the z-axis. 
H = H, cos w (z — 2). (52) 
Let its magnetic vector H be along the x-axis of magnitude H.. Let the dipole 
be at the origin of co-ordinates. The average intensity of this light wave is 
H 2/82. We will only consider the case where the oscillation of the dipole 
is not too large. 
Write 
M =M, + M, sin wt (53) 
(M, M,) = 0. 
M,, is the initial direction of the dipole. We will neglect terms quadratic 
in M,. Introducing (52) and (53) into (51), and writing. for brevity 
I 3 Hy 


» 
vw 
a ahs. a ees 


o 
52 = $8 


(53) 
Wwe get 


aw M, =; (My: Hy] + 0 (My: Mj). 
“O@ 
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Denote by @ the angle between H, and M, and by ¢ the angle between M, and 

(M,.H,| where ¢ is measured in such a way that the plane through M, and 
7 ° 

M, makes an angle 6 + = with the My H, plane. 


) 


Then 
sin 0 
| M,| B (55 a) 
2 1 } 
wyar-- w 
and 
2 
W 
4 — ata \ 
tan ¢ = (55 dD) 


The average work done per unit time by this field on the dipole, which equals 
the total energy radiated, is 


g, BH, sin® 6 sin d 


go (FS) = g2 (HM) = 2.0 (M,H,) cos? wt = Oe (55c) 
2/a? + w! 
Dividing this by H,?/87 and using (55 b) we get the scattering cross-section 
Gar w* sin? 0 
aa (56) 


4 as w 


To find the intensity scattered in different directions, we must calculate 
the retarded field due to the oscillating dipole. It can easily be shown by 
(4) and (5) that at large distances the electric field EZ’ and the magnetic field 
H’ ata point r are 

. rr fr M|| 
» ae eee a ret ig are ret yy 
Bm ~ mg Ee, (51) 
Denoting by © the angle between the direction r and the direction M, 
in which the dipole oscillates, the average intensity in the direction 7 is 

V2 sin? 4 9. aivd 
02 M si OQ _ a M,’ sin’ ©. (57 a) 
2 dr os Sm 7 
Thus the cross-section for scattering in a solid dQ in the direction 7 is just 
got by dividing this by H,?/8m and is 


9 w* sin? 6 sin? © 
4 ( gJ? + : aQ. (58) 
42," sion ) 


The distribution of the scattered radiation thus bears a very simple 
relation to the direction of the oscillating dipole. For small w (55 6) shows 
that ¢ ~ 0, and hence the dipole oscillates perpendicularly to the MoH plane. 


, 2 1 
For w*?>a however, ¢~ ; and the dipole oscillates in the MoH plane. 
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Correspondingly, the whole intensity distribution of the scattered radiation 
is turned through a right angle. 


2 


Suppose now that the coefficient 3 in the last term of (51) had been 
replaced by a. Then the only change in the above calculation is to replace 
a, B by a’ and fp’ where 

me, Me Ag, 
ag.” age 

The work done on the average by the incident light on the dipole per 
unit time according to (&5c) is 

22 B’ Hy sin?@ sin d : H 2 w? sin? 0 
2 Va? -++ wt 2a (a? -++ w') 
On the other hand the total energy radiated by the dipole is given by (57 a) 
integrated over all directions of emission. 
B?sin? 0 HP w*sin?d 


2 


1 9,2 wt Mj? = 1 9,2 wt = 
7 . . w* (a + w') 3a* (a® +- w*) 


52 


These two are equal only if a = 


cleo 


The formula (56) reduces to the usual formula 


Sr Pi i nal 
> > w sin? 0 (59) 
3 1 

when w? € a, which can be deduced neglecting radiation damping. ‘This 
is also what the quantum theory gives in the non-relativistic region. We see 
now quite clearly that the increase of this cross-section quadratically with the 
frequency for all frequencies is entirely due to the neglect of radiation damping, 
for the exact classical formula (56) becomes for w* >a 

67 sin? 0 


w" 


and thus decreases inversely as the square of the frequency just like the 
scattering by a point charge. (56) thus shows that radiation damping will 


be important when 
' 31 
ho ze NE (60) 


This formula may be applied to get a rough estimate of the point at 

which the quantum theory of the interaction of neutral mesons with neu- 
" trons (or protons) may be expected to fail due to its neglect of the effects 
of radiation damping. In applying (56) which has been calculated for light 
to mesons, it should be remembered, that, as has been shown in an earlier 








262 H. J. Bhabha 


paper (Bhabha, 1939 a), the only effect of the finite mass p» of the meson is 
to diminish the cross-section (56) for small Aw ~ p while for hwS, no 
appreciable difference is introduced. Thus, putting the empirical values 
I =A/2, go = g2' Alp, g'*/h ~ 1/15 (60) becomes 


Re = nf ae pe~ Sp. (61) 


Thus the quantum theory does in fact fail where one expected it to fail, but 
this limit has really nothing to do with the mass of the meson, and is only 
determined by the empirical magnitude of the constant g,. The limit (61) 
results in a very unusual state of affairs. We should not expect quantum 
effects to come in till the momentum of the mesons becomes comparable 
with the rest mass of the neutron, 7.¢., till iw = M. The classical formula (56) 
will therefore be valid upto this limit. Thus there is a region of frequencies 
34 hw S M where the classical formula (56) is still right, but the quantum 
formula (59) quite wrong. 


It is well known that the electron has no explicit g. interaction with the 
radiation field. If, however, the above theory be applied to its spin to find 
the limitations of the quantum theory due to the neglect of radiation 
damping, we find, putting I = //2, g. = eh/2m 


Soe 


hw~ af 3 m~ V/3 xX 1387 m. (62) 
2 


According to this argument the quantum theory of the electron would be 
expected to fail at energies far below the usually given limit 137 m. 


The same argument may be used to find the limit of the correctness 
of the quantum theory of the meson due to its neglect of the radiation re- 
action of the electromagnetic field. Putting | = h, g. = eh/2p, we get 


hw ~ at h~ V6 X 137 p. 
e 
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Appendix 
It is shown in the paper of Bhabha and Corben* that 
(0) 1 2 4 Qrrg 4 (Q’l Ba ra 4 1a 1 = 
Th =%{—55? +$S8'? + § (S" Sv) +2 (S’Sv) — $(vSSv) + % SS? 
+ S2 y2 4S ‘2 ~ 4 S?v4} + Vy {2 (S’S”’) fe 5) (S’ S v)} 
as 4 2 4 a2 4 4 4 ree ' 4 cre 4 4 a 
] Vu (3 o — is S? vy?) is Sup S’P Vp a #: Sup Ss’ — 2 Sup S’P Up 
+ #S,, Su, —35S,,8"v? +35S,,8'" 2% +S, 8” (vv) (63) 
d f_ay (S'S; * 1 G2 20/2 2. S272 
de {— FM (S'S 0) + ry (— ES — 4S" + Hy SHH) 
+ 2 Sup Ser a 746% Sas Ss" v* k 
(0) . : . . © 
ae A ity. 2 . : yi 2. yp « 0 ¢ 
Myy = ae oe Suv > ae Su ret p tis Suv 5 15 Sup sp Up +2'sSyy5’Pv, 


Syp « 1 2 

sp Vp 15 Ju Ss } (64) 
— A 2 Qk 0's 2easa : 4 “J a2 
+ Sup SP FES” Sy’ + ESQ Sy 0” — F Spy SPQ v7] 


The terms which are perfect differentials in (63) can be eliminated at once 
(0) 


by introducing corresponding terms in A,. The only effect of this is 


therefore to change the coefficients of the corresponding five terms in (64) 


(0) «0) 
due to the presence of — (v, A, — v, Ay) 


. In the subsequent work we will 
consider this to have been done. 


(0) 
Now A, must be proportional to g.”, and hence it must be quadratic in 
Sy Further, from dimensional reasons, each term must have three dots over 
(0) 
it, since each term of T, has four dots over it. Hence remembering (1) the 


(0) 
most general substitution for A, is 


(0) xt ee + eo 
Ap =e ty (S 8) +00% (S'S") +ea% S'S0) +040, S80 8) 
= Cs Vu S2 -— C5 v,, S’2 oo Cy Vy S2 y2 a Cy Vy S2 + Cy ie S” 
+ 619 Spy 8’? + C11 Sup SP Up + Cin S,, S”'” + Crg S,, SP Up - (65) 


oe 10 ia 
+ Ci4 Duy s”P Up + C15 Sus Ss” v 





(0) (0) 
* The expressions for T, and Myy 


were calculated independently by each of 
us as a check, 
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The c’s are arbitrary numerical coefficients. Any other terms of the required 
type can at once be absorbed into the above expression by the use of the 
relations (2) and (16a). Similarly, it can be seen that the most general 


(0) 
expression for B,, is 
(0) ° . 
_ 4 47 on “ "yp 7 es 4 4 
By, = [dy Vy Dag +d, v, Sy, 8 +d3gv Sy, 5S” 
+ d, Vj Say s’P Up op d; Vy Vu S? a ds Ap SP) (66) 


Using (64), (65) and (66), we now form the expression 
self 


- ( (0) (0) (0) -(0)) 
My, = 22° Ma ~— (% A, es Cu Ay ) = Bays 


The various terms which occur in this expression are given in the accom- 
panying table with their respective coefficients. The coefficients are so 


(0) ; 
Table of terms in {My, — (2) A,‘ — v, Ay) — By} 

Vr Suv ih — d, —— 4 

Un é.. Ss” — dy, — ds — 6 = Q 

Up Sup Ss” —d,—d, — 75 =— d, +? 

in Sup 8 i -& aot 

aN Suv _* 7 Gem os d, — ds — ¢ =='Q 

Un Op S . ds —v = 0 

Vy Bice arrrn —Cy — do 7 ‘ 

Uy Su a Up C13 d. —d, -~7 Gig nie ye 

aN Suv S" — Cy ? ds i 335 = 0 

CoN 8... s’P vy (4, —ad,s —d, — a5 0 

Uy Suv 8”? dp —Cy — dy +o =—Cy —d, — #, 

Uy Uy S? ar: Cee _ A =Q 

Ux Up i — Cs, + 2 on 

Vy, Vy S* v — Cy +3 0 

oN Sys S” v? C15 +4 =— Cys + 5 

Uy Uy S? o~ Ge d; i 

Sip a de + 3 =0 

Sip Sy — dg — 

Sy" Sy’ 3 =— dy — v5 

Sx’ Sur” 3 =—d, +d,+2 


2 


rp SP, v* =9 == § 
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spaced in the table as to show the respective contributions of the different 
parts. The first column gives the contribution to the coefficients due to 


(o (0 . (0) thw 
—(v, A, — v, Ay), the second column that due to B,, and the lest column 
(0) 


that due to M,, given by (64) with the changes mentioned above. Some of 
self 
these terms cannot possibly occur in M,,, since it has to be of the form (32). 


The coefficients of all these terms must therefore be equal to zero, and this 
at once gives us a number of relations between the above c’s and d’s. For 


example, the coefficient of S,, S?, is — (d, — #) and this must vanish, from 


which it follows that d, =%. ‘The coefficient of Sip S?, is then uniquely 
determined. 


Further, the term — d1V)SyS” cannot occur by itself, since it is not 
of the correct form (32). It can only occur in the form 


— d, S,, (S” % — Sy’ v’). 


By (2), the last part of this becomes — d, S)’ (S,"" + 2 os v”). Similarly 


the term — (d, +d, +#;)v,S,,S’” can only occur in the combination 
1 2 15 A Yup J 


igs (dy + dy + i's) Sas oe” a Sy v”). 
The last part of this can be put in the form — (d, +d, + #5) S\” S,’. 
Thus the actual coefficient of 5,’ S,’ must be equal to the sum of the 
coefficients of this term as derived in the above way. In other words 


3 = d, — (d, +4, + ¥s) = — (da + Zs). 
This at once determines d,. Similarly it can be shown for the coefficient 
of S,’ ‘, v” that 
$= —a,+4,+3 


which at once determines d, in terms of d,. Proceeding in this way, we can 
self 


teduce M), to the form 


self 
May = £2" (Srp DP, ae Sas DP,). 
The expressions to which these coefficients must be equal are given in the 
self 
last column of the table. Contracting M,, with v, and remembering (1) 
we get, 
self ‘ 
My, ve = S2' Sur (dy 7 ie + ) oe — (Cis hae *5) ited 


15 


— (Cigt+ d,— §) Sv, — (Cig + 4, + os) S” Up]. 
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This must vanish according to (32), so that the coefficients of each of the 


terms must vanish. This determines Cj,, C3, Cyy and c,; in terms of d,. 
self 
In this way all the coefficients which occur in M,, can be determined, 


either uniquely or in terms of one of them, say d,. The expression then takes 
the final form given in the text by (46), where d is written in place of d,. It 
should be noticed that this process of determining the coefficients is by no 


means trivial, for many of the coefficients are overdetermined, and a 
(0) 
slightly different expression for M,, could make the process impossible. 


Table of Coefficients 


c¢, =—} é&. = 2 C1 =? 

cy = Wd +49 c= Cin = a5 

Ct, = —2d + 3 Cy = is Cy eae 
% = is Cy =d +3 “a ad —*y 
Cc, =—3 Cig=a4 + Cy =a +H 
d,=d dg =—ad—§ d, =— 7s 
jin d,=d+x% dy = § 


We still have the condition (36) to satisfy, namely 
wm (T,{ — A,(%) = $ (Dy, S™). (36) 

Using (63) and (65) we work out the left hand side of (36). Any terms in 
this which do not contain Si, or cannot be transformed into such a form by 
the relations (2) must vanish. This process completely determines all the 
other c’s uniquely or in terms of d,. The expressions for the various coeffi- 
cients are given in the second table. ‘The final result is that 
T, =e (v%, ( (SS) — 2 (d + 1) S®—$ (S” Sv)— 2 (4+ 8) (S'S 

— 2 (S'Sv)— 2 (d +4) (VSSv) +2 (d—4) (S'S 0) —3 Ste? — yt S* (ov) 


15 
4+ Svt— 4 S?v%—4 S vf}tu, ((SS)—2 (d+8) (S’S”) +2 (d — 4) (S’S0) 
nil S2 (vv)} +0, {2 SF. 9 Ss... 1 S2 v2} — is Vy S2 
— (d+4) S,,S” — (d+2) S,, Sv, —2 (d+1) S,,8’" — (d+ 4) S,, 8°” 


9 ¢ Opn. ' 2 “ Ay i 2a Aft ty | ‘ * a . 
— a Sup S’P Up + (d —#) Duy SP Up = ee Sup S ’ — (d — z's) Sap S’P Up 


+ 2 (a — z's) Sie Sp V+ (d -+ 7s) Sys S’e Vp —_ (d+ $) ‘.. LG v2 


—d Sy, S*?v— (d+ §) Sy, S” Up v— 2 (d+3) Su» S” (v 2)]. 
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There is no particular value of d which simplifies this expression consider- 


self 
ably. Perhaps d = 3 effects the greatest simplification both here and in My, 


° os ° self 
y 9) — 4) — . \ a 4 be > I] 
When v, = vy =0and S,, = 0, T, reduces to 
2 a o.. 8 2a que 
§2 [—vY%S5 —i7%S,,S }. 

All the other terms in equation (30) also vanish in the absence of an external 
field, so that this equation requires that the above expression shall be zero. 
Using the last of equations (2) it becomes 


[— Té Vu Ss? + is _ SP Vp] = 0. 
On contracting this with 5S,“ and using (22) we get 


(— ¥ Sy, vit) 3 = 0 
from which it follows that the second term in the previous equation 
vanishes, and hence Dy = 0, which is the result quoted in the text. 
Summary 

The exact relativistic classical equations taking radiation reaction into 
account for the rotation and translation of a point dipole are given for the 
case where the dipole is always a pure magnetic dipole in the rest system. 
These equations are entirely free from any singularities. It is shown that the 
mass M, angular momentum of the spin I and magnetic moment g, are three 
entirely independent constants with no connection between them. The cross- 
section for the scattering of light by a dipole is given by formula (56). 
This formula shows that due to radiation reaction the scattering actually 
decreases as w~* for very high frequencies w, instead of increasing as w 
when radiation reaction is neglected. ‘The quantum mechanical formula 
for the scattering of neutral mesons by neutrons is shown to go wrong at 
energies Aw 23 due to neglect of the effects of radiation damping. ‘The 
classical formula (56) can still be correctly applied in the range 3p <A w 
<M, where the quantum formula is wrong, M being the neutron mass. 
Finally reasons are given for thinking that the quantum theory of the 
electron fails at energies above about V3 x 137 m due to neglect of the 
effect of radiation damping on the spin, and the quantum theory of the 
meson and its inter-action with the electromagnetic field at /6 x 137 p. 
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THE action of nitric acid on strychnine has been the subject of a number of 
publications! and as a result of which a number of products were isolated of 
which the simpler ones were identified and the author thought it necessary 
to attempt a step-wise degradation of Tafel’s dinitrostrychnine hydrate 
[(C,,H2203N-2 (NO,)2.-H,O] to obtain an insight into the orientation of the mole- 
cule and a definite information regarding the state of combination of the 
a-carbon of the indole nucleus. The action of aqueous alkali and piperidine 
on the one hand and the Curtius degradation on the other were contemplated. 
It seemed that dinitrostrychnine hydrate which has now been named and 
proved to be dinitrostrychnic acid might suffer hydrolytic fission between 
N (a) and the aromatic nucleus and thus offer a means of determining whether 
the carbon attached to N (a) was secondary or tertiary. 
CH 
uc’ \—! C (B- xo,/ ic 

LOL, 

C (a-) OH |C 
ee \eé 4 aq, alkali \Z Bde, 
CH (a)N 7 


NO:z (a)NH CH 
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CH ge 











\ 7 es \/H 


CH, CHz CHez 
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Unfortunately the author encountered obstacles in following this project 
owing to the difficulty experienced in the characterisation of the various 
substances and also for reasons connected with the analyses of the substances 
which were hard to interpret. Most of these substances proved hard to 
combust and they were tenacious of water and other addenda. Consequently 
the object of this investigation could not be attained and no new light could 
be thrown on the formula for strychnine. However, the author adopted the 
following formula (I) in the inaugural dissertation for the degree of D.Phil., 
Oxford University (1937), as suggested by Professor Sir Robert Robinson. 
This modified expression represented two alternatives of which one was the 
original formula of Menon and Robinson and the other was a new suggestion 
required to accommodate, certain results of Ieuchs. M. Kotake’s* important 
discovery of the formation of f-3-indolylethylamine by fusion of strychnino- 
lone, strychninonic acid or even strychnine with potassium hydroxide and of 
Professor G. R. Clemo’s isolation of the same substance by alkaline degrada- 
tion of strychnine was not in any way at variance with the formula. This 
observation further justified the consistent contention of Professor Sir Robert 
Robinson that strychnine and brucine are hydroindole derivatives in which 
the positions 2 and 3 (a- and B-) are thrice substituted and carry but a single 
hydrogen atom. But H. I,. Holmes and Sir Robert Robinson’s paper‘ on the 
re-examination of the action of bromine on diketonucidine® is an important 
and decisive contribution on the subject and in the authors’ words, “ the 
experiment now provides no positive evidence on the structural problem and 
the negative result, so far as it goes, supports the view that the f-position 





of the dihydroindole nucleus is disubstituted.’’ ‘The balance of evidence 
now points unmistakably to particular constitution for strychnine (II) ’: 
H.C CH2 ne ICH, 
CH | CH CH, 











nc’ Ye—Hey /\en|% nc c ie \ex —_ 
H CH) | 
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2 Kotake, Proc. Imp. Acad. Tokyo, 1936, 12, 99, 
Kotake, Mori, and Mitsuwa, Science Papers of Physical and Chemical Research, 
1937, Nos. 677-82, 129. 
3G. R. Clemo, J.C.S., 1936, 1695. . 
4 H. L. Holmes and Sir Robert Robinson, Jbid., 1939, 603. 
5 H. Leuchs and Kréhnke, Ber., 1930, 63, 1045. 
H. Leuchs and Schulte-Overberg, Jbid., 1931, 64, 1007. 
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In view of the above important results the precise experimental foundation 
is available for the entire periphery of the strychnine molecule as shown in 
the part structure (III) in which an asterisk denotes union with some other 
carbon atom. A brief summary of the salient facts is the following: 


(1) The chain from the aromatic nucleus through N (a) to N (6) embodied 
the explanations advanced in this series of papers of the researches of Tafel 
[the aromatic nucleus and N (a)-CO], Leuchs (the permanganate degrada- 
tion) and Perkin and Robinson: N (a)-CO-CHg, the fission round N (0) and 
observarions on reduction products]. 


(2) The position of the ether oxygen was confirmed by Wieland’s investi- 
gation of isonitrosostrychnine. 


(3) The indole nucleus (and asterisk) was indicated by the work of 
Leuchs (also Perkin and Plant) and proved by the formation of dinitrostry- 
cholecarboxylic acid and eventually the synthesis of dinitrostrychol (Tafel, 
Menon and Robinson ; Hill and Robinson). It is confirmed by degradation 
to indole, carbazole and to B-indolylethylamine (Kotake and Clemo). 


(4) The group—CH-*CH* is required in order to accommodate the iso- 
meric strychninolones and the degradation of brucine to curbine (Leuchs). 


(5) The absence of the methine group in the f-position in the indole 
nucleus is indicated by the formation of tryptamine (Kotake and Clemo) 
and by the re-examination of the action of bromine on diketonucidine (Holmes 
and Robinson). 


(6) The group—*CH-CH* in the pyrrolidine ring N (5) is required for the 
explanation of the formation of methoxymethyl-chanodihydroneostrychnone 
(Brigg, Reynolds and Robinson). 


(7) The relation of N (6) to the indole nucleus is indicated by the degra- 
dation to f-indolylethylamine (Kotake and Clemo). 
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The facts, in so far as the author has been able to ascertain in the present 
communication, are the following : 


Dinitrostrychnic acid (C.,H..0,N,) (Tafel’s dinitrostrychnine hydrate) 
was obtained in 92-93% yield. On esterification with methyl alcohol and 
sulphuric acid it affords a methyl dinitrostrychnate isolated in the form of a 
hydrated sulphate and a hydrated base (C..H.40,N,-CH,OH) containing 
methyl alcohol of solvation which is lost on prolonged heating at 110°. The 
ester becomes anhydrous at 140° and turns brown but assumes its pale yellow 
colour on rubbing with alcohol. The methyl alcohol of solvation of the 
hydriodide (C.,H.,O0;,N,-CH,OH, HI) was not removed even after drying 
at 140° in vacuo but the hydrochloride was free from alcohol of solvation 
and had a mol. of water of crystallisation (C,.H,,0,N,-HCl.-H,O). This salt 
has been previously described by Leuchs and Krohnke.* Results similar to 
the methyl ester were obtained using ethyl alcohol but the propyl ester was 
not obtained as a hydrated base. On reduction the methyl ester hydro- 
chloride or the acid afforded diaminostrychnine.? The methiodide of methyl 
dinitrostrychnate afforded dinitro-N (b)-methylstrychnic betaine on treat- 
ment with silver hydroxide. The action of hydrazine hydrate on methyl 
dinitrostrychnate gave dinitrostrychnic acid hydrazide (C,,;H,4O,N,). This 
was treated with nitrous acid and the product obtained by this treatment 
after boiling with alcohol gave a substance, C,,;H,,;0,N,, mixed with a second 
substance, C,,;H.,.0,N,y. ‘The former may be the amide of dinitrostrychnic 
acid and the latter may be the aldehyde related to dinitrostrychnic acid. 


Methyl ester on treatment under mild conditions with piperidine remained 
unchanged but on boiling with the reagent for 3-4 hours the ester was partially 
hydrolysed with the formation of dinitrostrychnic acid. Methyl dinitro- 
strychnate on bromination in chloroform solution gave a product, insoluble 
in organic solvents but this on maceration with ammonia could be resolved 
into a bromine-containing product and th: original ester. 


Boiling aqueous potassium hydroxide on standing converts potassium 
dinitrostrychnate into what appears to be an isomeride. This could be 
changed into a hydrochloride and a methyl ester which on reduction gave 
diaminostrychnine. Treatment with acetic anhydride and sodium acetate 
yielded two products of which one was soluble and the other insoluble in 
alcohol. ‘The former proved to be methyl dinitrostrychnate and the latter 
dinitrostrychnine which on simmering with butyl alcohol for half an hour 

® Leuchs and Kréhnke, Ber., 1929, 62, 2176. 


7 Hanriot, Bull, Soc, Chim., Paris, 1884 (2), 41, 237, 
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again passed to dinitrostrychnic acid and on reduction gave diaminostrych- 
nine. The methyl ester base which was obtained from dinitrostrychnic acid 
after its treatment either with potassium hydroxide or with acetic anhydride 
melted at 165° and it was only after recrystallisation with benzene that the 
m.p. 209-11° could be obtained and gave no depression with methyl dinitro- 
strychnate isolated by direct esterification of dinitrostrychnic acid with 
methyl alcohol and all the three had the same optical rotation. It appeared at 
first that treatment of dinitrostrychnic acid with aqueous alkali has isomerised 
it and accordingly the author had to examine dinitro-isostrychnic acid to 
clear up this point but the iso-ester base had a different behavior and melting 
point. It will form the subject of a further communication. 

Dinitrostrychnic acid was, finally, oxidised with concentrated nitric acid 
and the following seven products were isolated, namely : 

(a) Oxalic acid. 

(6) Dinitrostrycholcarboxylic acid. 
Picric acid. 


(c) 
(zd) A nitrogenous acid which melted at 182°. 
) 


(e) An orange-yellow acid which melted at 195°. 
(f) A potassium salt, m.p. 220°. 
(g) A yellow acid, m.p. 230-35°. 


It is unlikely that the link between N (a) and the aromatic nucleus 
would be reconstituted if once broken and therefore the author regards the 
alkali treated potassium salt as derived from a tautomeride of dinitrostrych- 
nic acid. ‘The object of this investigation could not be attained but the 
examination of some of the degradation products is in progress. 


Experimental 
Preparation of Dinitrostrychnic Acid and its Salts 
Dinitrostrychnine hydrate nitrate, here termed dinitrostrychnic acid 
nitrate, was prepared by the method of Tafel*® (50 g. of strychnine gave 70 g. 
of the nitrate by the action of 5% nitric acid). The acid from this gave 
crystalline hydrochloride, picrate and sulphate of no definite melting points. 
Estertfication of Dinitrostrychnic Acid 
Methyl Dinitrostrychnate, its Salts and Derivatives. Esterification : Methyl 
Dinitrostrychnate Sulphate.—Dinitrostrychnic acid nitrate (50g.) was 
refluxed for seven hours with methyl alcoholic sulphuric acid (750 c.c. of 5%) 





8 Tafel, Annalen, 1898, 301, 285. 





yl 


iS 








Strychnine and Brucine—III 273 


and on keeping the cooled solution deposited the ester sulphate as a mass of 
yellow rectangular prisms (46 g. and 6 g. recovered from the filtrate by basi- 
fication and treatment with methyl alcoholic sulphuric acid). ‘The substance 
is readily soluble in water and sparingly so in methyl alcohol. After recrystal- 
lisation from methyl alcohol methyl dinitrostrychnate sulphate was dried at 
100° in vacuo and retained 1 mol. of MeOH and showed the presence of two 
methoxyl groups. [Found in material dried at 100° im vacuo: C, 46-4; 
H, 5-0; N, 9-5; OCHg, 11-0; S, 5-0; CygH,,0,N4. MeOH-H,SO, requires 


C, 47-1; H, 5-1; N, 9-6; OCH, (for two) 10-6; S, 5-5%.] 


Methyl Dinitrostrychnate.—This precipitated from an aqueous solution 
of the sulphate by means of sodium carbonate, is sparingly soluble in methyl 
alcohol and crystallised from benzene and methyl alcohol mixture in long 
prismatic needles, m.p. 210-11° (decomp.). ‘The ester base contains 1| 
mol. of methyl alcohol, half of which is lost at 100° 7 vacuo but it is entirely 
removed on prolonged drying at 110° 7m vacuo. [Found : loss at 100°, 2-7% ; 
calc. for } MeOH, 3-4% ; loss at 110°, 6-7%; calc. for MeOH, 6-6%.j [Found : 
in material dried at 100° 7m vacuo: C, 57-0; 57-0; H, 5-6, 5-5; N, 11-5, 
11-6; CosH.,O,N4:$ MeOH requires C, 57-2; H, 5-5; N, 11-9%.) (Found 
in material dried at 110° im vacuo: C, 58-3; H, 5-2; N, 11-8; CosH.4O,N, 
requires C, 57-9; H, 5-3; N, 12-3 %.] The substance on drying at 140° in 
vacuo turns brown, but on rubbing with elcohol it assumed its bright yellow 
colour. [Found in material dried at 140° im vacuo: C, 57-9; H, 5-1; MeO, 
7-2; CogH,,O,N, requires C, 57-9; H, 5-3; MeO (for one), 6-8%.] This 
behaviour shows that whether structurally combined or present as solvent of 
crystallisation, the extra methyl group is lost at or below the melting point of 
the ester base. A Zerewitinoff determination of active hydrogen in the dried 
material gave a nagative result. (Found H in pyridine, 0-0466.) Methyl dini- 
trostrychnate is readily soluble in chloroform and in hot acetone or benzene. 


Methyl Dinitrostrychnate Hydriodide.—This was prepared by the addition 
of potassium iodide to a solution of the ester base in 10% acetic acid. The 
aggregates of yellow needles were washed with water and alcohol and then 
had m.p. 245-46° (decomp.). [Found loss at 140° im vacuo : 7-4° Co2.H240,N, 
-1$ MeOH requires MeOH, 7-6 %). (Found in material dried at 140° 
m vacuo: C, 45-6; H, 4-4; N, 9-3; MeO, 10-4; I, 21-0; C,.H.,0,N,: 
MeOH -HI requires C, 44-9; H, 4-7; N, 9-1; 2 MeO, 10-1; I, 20-6%.] This 
salt becomes red on keeping and a crystalline bright red periodide separated 
when iodine was added to its solution in acetic acid. 


Methyl Dinitrostrychnate Hydrochloride.—The base liberated from the 
hydriodide was dissolved in chloroform and ethereal hydrogen chloride was 











274 Rafat Husain Siddiqui 


added, precipitating a yellow hydrochloride. This crystallised from alcohol 
in lemon yellow, glistening flat plates, m.p. 245-47° (decomp.). [Found in 
material dried at 100° im vacuo: C, 51-4; H, 5-2; N, 10-8; MeO, 6-5; 
C..H,,O,N,-HC1-H,O requires C, 51-1; H, 5-3; N, 11-0; MeO, 6-1%,.] 

Methyl Dinitrostrychnate Picrate—was prepared by bringing together 
chloroform solutions of picric acid and the ester base. It was insoluble in 
alcohol and water and charred at 275°. 


Methyl Dinitrostrychnate Methiodide.—This was prepared from the 
components in cold chloroformic solution ; it is sparingly soluble in alcohol 
and crystallised from hot water in bright yellow needles which shrank at 215°, 
then gradually softened and melted at 240-42° (decomp.). [Found in 
material dried at 100° 1m vacuo: C, 45-0; H, 4-7; I, 21-4; MeO, 5-2; MeN, 
4-5; Cys9H.,0;N,-MeI-H,O requires C, 44-8; H, 4-7; MeO, 5-0; MeN, 
4-7; I, 20-6 %.] 

N (b)-Methyl Dinitrostrychnic Betaine.—When the yellow aqueous solu- 
tion of the methiodide was treated with freshly prepared silver hydroxide it 
turned orange red and the filtered solution, concentrated on the steam-bath, 
gradually became yellow again and on cooling deposited long, prismatic 
needles which do not melt below 310° and showed an absence of methoxyl 
group. [Found in material dried at 100° im vacuo: C, 57-4; H, 5-3; N, 
12-3; MeN, 2-7; CysH,;O,N, requires C, 57-77; H, 5-6; N, 12-3; CH, for 
MeN, 3:3%.] The prerate of the betaine crystallised from aqueous alcohol 
in pale yellow needles, m.p. 276-77° (decomp.) after browning at 265°. 

Action of Piperidine on Methyl Dinitrostrychnate 

Attempts were made to bring the methyl ester base into reaction with 
piperidine in dry dioxane solution or without solvent. The starting material 
was recovered and showed varying methoxyl contents. (Found in different 
samples: MeO, 8-9; 9:4%.) All these specimens had m.p. within the range 
of 209-11° (decomp.). Under more vigorous conditions when the ester base 
was refluxed in piperidine solution for 3-4 hours the action of piperidine on 
the ester resulted in the formation of dinitrostrychnic acid. [Found in 
material dried at 100° im vacuo: C, 53-6; H, 5-3; N, 11-9; C.,H.,0, N,-14 
H,O requires C, 53-7; H, 5-3, N, 11-9%. 

Ethyl Dinitrostrychnate and its Salts 

Esterification : Ethyl Dinitrostrychnate Sulphate.—This was prepared like 
the methyl derivative (10g. of dinitrostrychnic acid nitrate afforded 9-5 g. 
of the ester sulphate). The sulphate is readily soluble in water and sparingly 
in alcohol from which it crystallised, in prisms with 14 mols, of the solvent. 
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(Found in material dried at 100° in vacuo: C, 49-6; H, 5-1; N, 9-1; EtO, 
17-1 PA C.,H..0,N,-H.SO,. 14 EtOH requires ia 49.-] * f 2a 5-5; N, 8-8 ‘ 


24 EtO, 18-3%.] 


Ethyl Dinitrostrychnate.—-The free ester was similar to the methyl ester 
in its properties ; it crystallised from benzene as aggregates of yellow, well- 
formed prismatic needles, m.p. 226° (decomp.) very sparingly soluble in the 
simple alcohols, and readily in chloroform. [Found in material dried at 100° 
in vacuo: C, 59-1, 59-1, H, 5-9, 5-8; N, 11-5, 11-3; C.3H.gO,N, requires 
C, 58-7; H, 5-5; N, 11-9 %.] 

Ethyl Dinitrostrychnate Hydrochloride.—This was precipitated from a 
chloroformic solution of the base by addition of ethereal hydrogen chloride 
and recrystallised from methyl alcohol echer. It separated as a mass of 
closely packed pale yellow needles, m.p. 230° (decomp.) after softening at 
190°. It was soluble in simple alcohols and water from which it came down 
in needles. [Found in material dried at 100° in vacuo: C, 52-6; H, 5-6; 
N, 10-8; EtO, 10-1; Cl, 7-0; C,3;H.,0,N4-HCl-H,O requires C, 52-7; H, 5-5; 
N, 10-7; EtO, 8-6%] 


/ 


Ethyl Dtnitrostrychnate Picrate—was obtained as pale yellow powder 
from aqueous solutions of picric acid and the ester sulphate. It was sparingly 
soluble in alcohol, from which on concentrating the solution, it crystallised 
in aggregates of prisms. 

Propyl Dinitrostrychnate and its Salts 

Propyl Dinitrostrychnate has also been prepared in a similar fashion ; the 
base crystallised on the addition of propyl alcohol to its chloroformic solution 
as prismatic needles, m.p. 246-47° (decomp.). [Found in material dried at 
100° 1m vacuo: C, 59-4; H, 6-0; N, 11-1; C.4H.,0,N, requires C, 59-4; 
H, 6:0; N, 11-6%.] 

Propyl Dinitrostrychnate Sulphate—was easily soluble in water and 
alcohols from which it crystallised in shining plates, m.p. 2]0°. 

Propyl Dinitrostrychnate Hydrochloride crystallised from methyl alcohol 
ether in thick granules of aggregates of needles, soluble in alcohol and water, 
m.p. 230° (decomp.). [Found in material dried at 100° im vacuo: N, 10-2; 
Cl, 6-7; CygHog0, Ny-HC1-H,O requires N, 10-4; Cl, 6-6%.] 

Propyl Dinitrostrychnate Picrate.—Yhis was obtained from alcohol- 
chloroform in bunches of needles, which gradually charred from 254°. 

Reduction of Methyl Dinitrostrychnate 

Diaminostrychnine.—On reduction by means of stannous chloride and 

hydrochlori¢ acid or zinc and hydrochloric acid and working up in the known 
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manner, the methyl ester afforded diamonostrychrine in long colourless 
needles, m.p. 287° (decomp.). (Hanriot, m.p. 265°; Leuchs and Kroéhnke, 
loc. cit., state that this substance does not melt below 300°; this may be a 
matter of heating.) The melting point was not depressed on admixture 
with a specimen prepared from dinitrostrychnic acid. 


Action of Hydrazine Hydrate on Methyl Dinitrostrychnate 


Dinitrostrychnic Acid Hydrazide.—A mixture of methyl] dinitrostrychnate 
(4 g.), butyl alcohol (50 c.c.) and hydrazine hydrate (1 g. of 90%) was gently 
heated for half an hour, when a reddish crystalline product separated (3-6 g.). 
It was washed with alcohol and ether and dried at 100° 7m vacuo losing 1 H,O. 
(Found: loss 3-7 calc. for 1 H,O, 3-8%.) [Found in material dried at 100° 
in vacuo: C, 55-5; H, 5-7; N, 18-1; C,,H2,,O,N,-NH-NH, requires C, 55-3 ; 
H, 5-3; N, 18-4%,] 

Dinitrostrychnic Acid Hydrazide Hydrochloride—prepared in butyl alco- 
holic solution, crystallised in bright yellow prismatic needles, readily soluble 
in water and sparingly so in the simple alcohol. [Found loss at 100° in 
vacuo : 3-4; C.,H,,0O,N,-2 HCl,2 H,O requires 1 H,O, 3-8%.] (Found in 
material dried at 100° in vacuo: C, 46-1; H, 5-5; N, 15-2; Cl. 13-4; 
C.,H,,0,N,.NH.NH;. 2HCl, H,O requires C, 46-1; H, 5-1; N, 15-4; Cl,/ 
13-0 %.]. The crystalline picrate, sulphate and per chlorate were prepared. 


Attempted Curtius Degradation of Dinitrostrychnic Acid Hydrazide 


Sodium nitrite (30 g.) was added to a cooled (7°) and stirred solution of 
dinitrostrychnic acid hydrazide (30g.) in acetic acid (400c.c.). After two 
minutes the liquid was added to a large volume of water, filtered and basified 
by means of sodium carbonate. The bright yellow precipitate (a), 
20g. after being dried) was collected and the filtrate on concentration and 
tubbing afforded bright yellow needles (b, 4-5g.) and the green fluorescent 
mother liquor was neglected. ‘The precipitate (a; 18g.) was gently boiled 
with alcohol (700 c.c.) for 1 hour and the bright yellow crystalline residue 
(10-5 g.) was separated from the hot solution. The yellow filtrate on cooling 
and keeping afforded more of the insoluble fraction (2 g.) and then remained 
clear for some 12 hours. On considerable concentration, however, a more 
soluble substance separated as needles (3-7g. and further 1-5g.). This 
material was taken up in chloroform (leaving 0-1 g. of the sparingly soluble 
fraction) and on concentrating, prismatic needles were obtained, m.p. 265° 
(decomp.) after softening at 175° frothing at 198° (Claus and Glassner,® m.p. 
226° of a-dinitrostrychnine). This substance is readily soluble in chloroform 





® Claus and Glassner, Ber., 1881, 14, 774. 
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and sparingly so in ethyl acetate, benzene and acetone. [Found in material 
dried at 100° im vacuo: C, 57-9; H, 5-3; N, 13-1; C,,H.2.O,N,-4 H,O 
requires C, 57-9; H, 5-3; N, 12-9%.] 

The hydrochloride prepared in alcohol ether, crystallised in prismatic 
needles, readily soluble in alcohol and water and losing 6-2% at 100°. 
[Found in material dried at 100° 1m vacuo: C, 53-0; H, 5-2; N, 12-6;(C1,7-3; 
C.,H..0, N,-HCl- } H,O requires C, 53-4; H, 5-1; N, 11-9; Cl, 7-5%,] 


The product, sparingly soluble in alcohol, was also very sparingly soluble 
in other organic solvents ; it charred but did not melt at 320°. [Found in 
material dried at 100° im vacuo: C, 54-6; H, 5-1; N, 14-2; EtO, 0-0; 
C,,;H:30,N;-HCl-H,O requires C, 54-9; H, 5-4; N, 15-2%.] An attempt 
to hydrolyse this product was made by gently heating it with concentrated 
hydrochloric acid for five hours. Crystalline hydrochloride was eventually 
isolated in the form of prismatic needles and this lost 6% at 100° in vacuo. 
[Found in material dried at 100° im vacuo: C, 50-7; H, 5-3; N, 14-7; Cl, 
7-0 ; CyyH230,N;. HCl-H,O requires C, 50-7; H, 5-3; N, 14-1; Cl, 7-2% 


3%). 

The fraction (b) was also. boiled with alcohol and afforded sparingly 
soluble substance, decomposed from 240° without melting, which gave C, 
53-9, 53-5; H, 5-4, 5-2; N, 12-0% after drying at 100° im vacuo. Its 
hydrochloride was a mass of pale yellow needles that lost 3-1% at 100° in 
vacuo and then gave C, 52-0; H, 5-1; N, 12-0; Cl, 7-1%. ‘These results 
indicate derivatives of C,,H.O,Ny. (Co:H220,N,-HC1°,H,O requires C, 
52-4; H, 5-2; N, 11-:7%) 


Bromination of Methyl Dinitrostrychnate 


On brominating methyl ester base (0-6 g.) in chloroform solution at 0° 
a product, insoluble in organic solvents and sparingly soluble in dilute acids, 
separated which charred below 280° and gave Br, 16-2°% in an undried and 
dried material at 100° in vacuo. ‘This was suspended in ammonia and taken 
up in chloroform. On adding methyl alcohol to the chloroform solution 
methyl ester base separated and gave no depression in melting point with the 
starting material. From the filtrate a powder separated on addition of ether. 
It was soluble in chloroform, alcohol and acetone and frothed up at 150—-60°. 
It showed the presence of halogen and after drying at 100° im vacuo gave 
C, 50-0; H, 5-9%. 


Reduction of Dinitrostrychnic Acid 


Dinitrostrychnic acid was reduced with stannous chloride and concen- 
trated hydrochloric acid when the red solution turned yellow. It was diluted 
with water and made alkaline with sodium hydroxide solution. Long needles 
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separated from the solution on keeping. These were dissolved in chloroform, 
and the solution after washing with water was dried over anhydrous sodium 
sulphate and concentrated. On adding ethyl acetate to this diamino strych- 
nine crystallised as a snow-white mass of needles m.p. 287°. [Found in 
material dried at 100° im vacuo: C, 69-3; H, 6-5; N, 15-1; C..H,.,0,N, 
requires C, 69-2; H, 6-6; N, 15-4%]. 

* 


Action of Potassium Hydroxide on Dinitrostrychnic Acid 


A solution of dinitrostrychnic acid nitrate (30g.) and potassium 
hydroxide (60 g.) in water (750 c.c.) was refluxed for 30 hours, then cooled 
and exposed in dishes. Crystallisation of glistening needles of a light yellow 
potassium salt occurred in 12 hours. This was collected, washed with water 
and alcohol and dried (20 g.). (When dinitrostrychnic acid nitrate was similarly 
treated but without boiling, a gelatinous salt separated and this became 
crystalline in the course of ten days.) The potassium salt was dissolved in 
10% hydrochloric acid and the dark red solution deposited a crystalline 
hydrochloride (such a salt is not obtainable from dinitrostrychnic acid nitrate 
under these conditions) which was recrystallised from alcohol ether (1: 2) 
in light woolly tufts of yellow needles which separated slowly from the 
filtered solution after removal of brown impurities. [Found in material 
dried at 100° in vacuo: C, 52-9; H, 5-5; N, 12-2; C,,H..O;N,-HCl requires 
C, 52-7; H, 4-8; N, 11-7%.] 

The potassium salt was dissolved in 20% acetic acid and the base liberated 
by means of ammonia as reddish yellow needles. ‘The base afforded diamino- 
strychnine on reduction, either with stannous chloride and hydrochloric acid, 
or with zine and hydrochloric acid ; snow-white needles, m.p. 287° (decomp. ). 
(Found : C, 68-8; H, 6-5; N, 15-4; calc. for C.,H,,O.N,: C, 69-2; H, 6-5; 
N, 15-4 %:] 

The base from the potassium salt was also esterified with methyl alcohol 
exactly as described for dinitrostrychnic acid nitrate. It furnished its own 
weight of crude ester base sulphate. ‘The base from this crystallised from 
dilute alcohol and ether in needles (frothed up at 165°) and on recrystalli- 
sation from benzene was obtained in pale yellow needles and had m.p. 209° 
(decomp.). A mixture with methyl dinitrostrychnate, had also m.p. 209°. 
[Found in material dried at 100° in vacuo: C, 58-5; H, 5-3; N, 12-1; MeO, 
6-9, CosHe4O,N,4 requires C, 57-9; H, 5-3; N, 12-3; MeO, 6-8%.] The hydro- 
chloride of this base always crystallised in hexagonal prisms whereas the 
hydrochloride of methyl dinitrostrychnate (containing 1 MeOH) was obtained 
in bundles of needles, prismatic needles and glistening plates. ‘This may be 
a question of the influence of traces of impurities, 
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Action of Acetic Anhydride and Sodium Acetate on Dinitrostrychnic 
Acid Nitrate 


The experiment was carried out during four hours at 100° and the bases 
eventually isolated were separated into methyl alcohol soluble and insoluble 
fractions. The latter crystallised from chloroform alcohol in light yellow 
rectangular needles which softened at 233° and decomposed from 235-48°. 
{Found in material dried at 100° im vacuo: C, 59-2; H, 4:9; N, 13-5; 
Csi:H2pO,N, requires C, 59-4; H, 4-7; N, 13-2%.] The base is almost 
insoluble in benzene, ethyl acetate and acetone and is probably a-dinitro- 
strychnine (Claus and Glassner describe an a-dinitrostrychnine, m-.p. 
226°). On gently boiling with butyl alcohol containing a trace of water for 
30 minutes the substance becomes insoluble in chloroform and is doubtless 
converted into dinitrostrychnic acid. [Found: C, 54-7; H, 5-0; N, 12-3; 
MeO, 0-0; C.;H240,N,-H,O requires C, 54-7; H, 5-2; N,12-2%.] The 
base on reduction gave diaminostrychnine. 


The methyl alcohol-soluble fraction was obtained in rectangular needles 
(froths up at 165°) which after crystallisation from benzene had m.p. 209° 
alone or mixed with any of the previous specimens of methyl dinitrostrych- 
nate. [Found in material dried at 100° 7m vacuo: C, 58-4; H, 5-5; N, 12-8; 
MeO, 6-9; Cy2H.4O,N, requires C, 58-9; H, 5-3; N, 12-3; 1 MeO, 6-8%.] 
This base and the methyl ester bases obtained previously showed identical 
rotations. . 


The base derived from the alkali-treated dinitrostrychnic acid gave the 
above products on treatment with acetic anhydride and sodium acetate. 


Oxidation of Diniirostrychnic Acid by means of Nitric Acid 


Dinitrostrychnic acid nitrate (1 part) was heated with nitric acid (7 parts, 
d. 1, 42) with a small flame until a vigorous reaction commenced ; the solution 
was then concentrated to 80c.c. The subsequent tedious fractions need not 
be described in detail. First two substances separated “a” and “bd”’. 
These occurred together. They were separated mechanically and their 
further separation and purification was effected by dissolving “a@’’ in cold 
water in which ‘ b”’ was insoluble. The following products were obtained 
from this degradatior. 


(a) Oxalic Acid “ a’’.—This was separated from “6’’, melted at 98° 
and proved to be oxalic acid. 


(b) Dinitrostrychol Carboxylic Acid ‘‘b’’.—-The  micro-crystalline 
powder as obtained above crystallised from alcohol in rectangular needles 
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and had m.p. 282° (Ashley, Perkin and Robinson,?® m.p. 284°; Tafel, mp. 
282°). [Found in material after drying at 100° in vacuo: C, 40-96; H, 2-1; 
N, 14-2 ; C,gH;O,N, requires C, 40-7; H,1-7; N, 14-2%,.] It was soluble in 
alcohol and acetone, sparingly in water and insoluble in chloroform, benzene 
and ether. 


(c) A Straw Coloured Acid, m.p. 182° (softening at 175°). [Found in 
material dried at 100° im vacuo: C, 38-9; H, 2-0; N, 11-4; C,H,O,N, 
requires C, 39-6; H, 2-5; N, 11-6%.] It was readily soluble in alcohol and 
acetone. 

(ad) A Micro-crystalline Orange Yellow Acid, soluble in alcohol and 
acetone and very sparingly in water. [Found in material dried at 100° in 
vacuo: C, 43-9; H, 2-9; N, 14-0%.] 

(e) A Bright Yellow Crystalline Potassium Salt—melts with decomposi- 
tion and detonation at 325°. A mixture of potassium picrate with the above 
detonated at 325°. [Found: K, 13-7; N, 14-1, 14-39%; C,gH.O,N3K requires 
K, 14-4; N, 14-:2%.] The acid from the salt melted at 118-19° and gave 
no depression with picric acid. 

(f) A Glistening Crystalline Potassium Salt—which on crystallisation 
from methyl alcohol had m.p. 220°. 

(g) A Yellow Acid—giving a sparingly soluble barium salt, 
m.p. 230-35°, soluble in alcohol and acetone. 


(h) Amorphous Residues—from which nothing definite could be 
separated. 


The author is highly grateful to Professor Sir Robert Robinson, X&t., 
F.R.S., for his advice and encouragement throughout this investigation and to 
the Trustees, Dawoodbhoy Fazalbhoy Muslim Educational Trust, Bombay, 
and to the authorities, Muslim University, Aligarh, for Educational Loans 
which enabled the author to take part in this investigation. 

All the micro-analyses were done by Drs. Weiller and Strauss and 
(Miss) M. H. Martin, of Oxford. 


Summary of the Paper 


Tafel’s dinitrostrychnine hydrate has been proved to be dinitrostrychnic 
acid. It is imino carboxylic acid and undergoes cyclization under the influ- 
ence of acetic anhydride with formation of dinitrostrychnine which by 





10 Ashley, Perkin and Robinson, J.C.S., 1930, 282. 
11 Tafel, Annalen, 1898, 301, 336. 
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boiling in neutral solution is hydrolysed back to dinitrostrychnic acid. The 
acid on esterification furnishes mono-esters (methyl, ethyl and propyl esters) 
which give well-defined crystalline salts. Methyl dinitrostrychnate com- 
bines with methyl iodide to form a methiodide which on treatment with 
silver oxide gives N (b) methyl dinitrostrychnic betaine. The acid as well as 
the methyl ester on reduction gives diaminostrychnine and with hydrazine 
hydrate a normal hydrazide. This on treatment with nitrous acid gives 


dinitrostrychnine and a substance which appears from analytical data to be 
dinitrostrychnineamide. 








VISCOSITY OF STANNIC PHOSPHATE GELS 
DURING SETTING 


By MATA PRASAD AND K. V. MoDAK 


(From the Chemical Laboratories, Royal Institute of Scienec, Bombay) 
Received September 18, 1939 


THE viscosity of several gel-forming mixtures during the process of setting 
has been studied by Prasad and co-workers.'*3 In studies'? it has 
been found that the viscosity of the gel-forming mixtures increases with 
time and the viscosity-time curves are continuous. This observation has led 
these workers to the conclusion that the various processes involved in the 
setting of gels, such as the formation of colloidal particles, their coagulation 
and subsequent hydration and the formation of specific structures, are con- 
tinuous functions of time. However, in the case of thorium molybdate gels? 
it has been found that the viscosity-time curves are discontinuous or zonal. 
These gels exhibit the phenomenon of thixotropy and it is possible that their 
peculiar behaviour is due to their thixotropic nature. 


Several mathematical expressions have been found to represent the 
viscosity changes taking place in a gel-forming mixture at different intervals 
of time. The simplest of them is by Mardles* who found that the relation 


7 — No = acm 


holds good for the viscosity changes during the gelation of a sol of cellulose 
acetate in benzyl alcohol. Mehta, Prasad and Parmar? found that the 
relation between the viscosity changes in thorium phosphate gel-forming 
mixtures and time is given by 


7 — No = al’. 


No systematic attempt has been made so far to study the effect of 
temperature on the viscosity-time relation during the formation of a gel, 
although the effect of temperature on the time of setting of gels has been 
observed by several workers. The only reference to a systematic work on 
the subject is by Mardles (loc. cit.) who found that the value of ‘k’ in the 
equation given above increases at first slowly and then rapidly as th« 
temperature is decreased. Prasad, Mehta and (Miss) Rathnamma’ foun d 
that in general the viscosity-time curves are lowered as the temperature 
is raised. 
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It has been found that the addition of non-electrolytes to the gel-forming 
mixtures alters the viscosity changes with time. Prasad, Mehta and Desai! 
found that the addition of increasing quantities of alcohols to silicic acid 
gel-forming mixtures increases the rate of change of viscosity of the alkaline 
mixtures and retards that of the acidic ones. Mehta, Prasad and Parmarz 
found that the rate of change of viscosity of thorium phosphate gel-forming 
mixtures decreases with an increase in the amount of non-electrolytes in the 
gel-forming mixtures. They also found that the addition of mineral acids 
and sodium chloride increases the rate of change of viscosity with time. 


In the present investigation the viscosity changes in the stannic 
phosphate gel-forming mixtures have been studied with time and the effects 
of temperature and of the addition of non-electrolytes to these mixtures 
have also been examined. 


Gels of stannic phosphates were first prepared by Prakash and Dhar by 
mixing 1 c.c.-3-0c.c. of a 22 per cent. solution of potassium phosphate 
to 3-0 c.c. of N/1-099 solution of stannic chloride and making the volume 
to 6c.c. However Prasad and Desai® found that if phosphoric acid is used, 
instead of potassium phosphate, the gels obtained are fairly transparent. 


Experimental 


Scarpa’s method* modified by Farrow’ and subsequently improved by 
Prasad, Mehta and Desai! was used in this investigation. 


The constant of the apparatus was determined by using sucrose 
solution of known absolute viscosity and was found to be 0-00218. 


Preparation of Solutions : 


(a) Stannic Chloride.—About 175g. of Merck's commercial stannic 
chloride were dissolved in distilled water and a few c.c. of concentrated hydro- 
chloric acid were added to it. The solution was boiled and after cooling was 
made up to 1,000 c.c. This solution was stocked in a Jena glass flask and was 
used in all the experiments. A slightly yellowish colour which developed in 
the beginning was found to disappear on standing for some time. The stannic 
oxide (SnO,) content of the solution was found to be 0-4725 M. per litre of 
the solution. 


(b) Phosphoric Acid.—An approximately 0-2 .N solution was made by 
dissolving the requisite amount of Merck’s extra pure phosphoric acid in 
a known volume of twice distilled water and its exact strength was 
determined. It was then suitably diluted to give exactly 0-2N solution 
which was stocked in Jena glass flask and was used throughout the 
investigation. 
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Different known volumes of the gel-forming constituents were taken 
and diluted each to 5-0 c.c. with distilled water. On allowing them to attain 
constant temperature in a thermostat, they were mixed at a known time and 
poured in the viscometer bottle. The method of mixing was maintained 
constant as far as possible. Viscosity readings were taken after known 
intervals of time from the starting time and the results obtained (viscosity 
expressed in milli poises) are presented graphically. 


Effects of the Concentration of the Constituents of the Gel-forming Mixtures : 


The viscosity changes in the gel-forming mixtures containing the same 
amount of stannic chloride and different quantities of phosphoric acid are 
shown in Figs. 1 and 2, in which ‘ B’ indicates the c.c. of stannic chloride 
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solution. The effect on the viscosity changes on the addition of increasing 
amounts of stannic chloride is shown in Fig. 3, in which ‘A’ represents 
the c.c. of the phosphoric acid solution. 
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Effect of Temperature : 

The effect of temperature on the viscosity changes with time on the 
gel-forming mixtures containing the same quantities of ‘A’ and ‘ B’ is shown 
in Fig. 4. 
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Effect of Non-electrolytes : 

The effect of the addition of various amounts of ethyl alcohol on the gel- 
forming mixtures containing the same quantities of ‘A’ and ‘B’ was 
examined. The results obtained are shown in Fig. 5. 
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It would be noted, in the first instance, that the general nature of all 
the curves (Figs. 1-5) for the setting process of the stannic phosphate gel- 
forming mixtures is essentially the same. The viscosity increases at first 
slowly, then slightly, rapidly and in the later stages of gelation, it tends to be 
very high, the curves practically running parallel to the axis of viscosity. 
No breaks can be observed in any of the curves mentioned above. This 
indicates that the several stages in the process of gelation pointed out by 
Prakash and Dhar® fail to show their distinct different existence. It might 
be that all these intermediate stages of gelation, though actually distinct from 
each other, run simultaneously and lend to the whole process of gelation an 
aspect of continuity. The results obtained in this investigation are in con- 
formity with those of Prasad, Mehta and Desai (loc. cit.). On plotting the 
value of log (y — 7») against log ¢, no straight lines are obtained as is the 
case with thorium phosphate gels. But when the values of log (ny — 7») 
are plotted against ¢ straight lines are obtained in several cases. Mardles 
(loc. cit.) finds a similar behaviour. 


A change in the amounts of the constituents of the gel-forming mixtures 
considerably alters the rise of viscosity in a given interval of time. With 
an increase in the amount of phosphoric acid the rate of change of viscosity 
rises considerably while an increase in the stannic ions decreases this rate 
both in the earlier as well as in the latter stages of gelation. Increase in the 
stannic ions probably peptises the gelling substance to a greater degree, 
thereby increasing the degree of dispersity of the micelles and the density 
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of charge on them. ‘The increase in the rate of gelation consequent upon an 
increase in the amount of phosphoric acid may be due to (1) decrease in the 
density of charge on the micelles, since more of the peptising stannic ion is 
removed to form stannic phosphate micelles, and consequent increase in the 
degree of their hydration; (2) an increase in the rate of coagulation since 
nearly the same amount of coagulating ion effects the coagulation of a sol 
containing greater number of micelles having a lower density of charge. 


Effect of temperature on the gel-formation appears to show that an 
increase in temperature causes a small decrease in viscosity in early stages 
(not noticeable in the graph) but after a certain stage of gelation is reached, 
the rate of change of viscosity. increases with temperature. The rise in 
temperature increases the coagulating power of the coagulating ions and this 
causes an appreciable increase in the rate of change in viscosity. 

The effect of the addition of ethyl alcohol to the gel-forming mixture is 
to retard the rate of increase of viscosity with time ; the extent of the retard- 
ation increases as the quantity of the non-electrolyte in the mixture is 
increased. Parmar, Mehta and Desai (loc. cit.) observe a similar effect. 
The addition of the non-electrolyte probably decreases the dielectric constant 
of the dispersion medium and thereby increases the density of charge on 
the micelles® and thus behaves in the same manner as the addition of increased 
quantities of stannic ions. This view is in agreement with the investigation 
of Prasad and Hattiangadi.1° It is, however, probable that the addition of 
ethyl alcohol may favour the adsorption of stannic ions by the micelles and 
cause the observed decrease in the rate of increase in viscosity. 


Summary 


Viscosities of gel-forming mixtures containing various quantities of 
stannic chloride and phosphoric acid have been measured during the forma- 
tion of gels at constant temperature. Effects of change of temperature 
and of the addition of non-electrolytes on the changes in viscosities have also 
been examined. It has been found that the rate of increase in viscosity with 
time increases with (a) an increase in (i) the quantity of phosphcric acid and 
(ii) temperature and (b) a decrease in the quantity of (i) stannic chloride 
and (ii) non-electrolytes. 
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QUININE, the most important component of the cinchona bark, is well known 
as a specific for malaria. It is also generally used as a febrifuge and as a 
component of tonics. Though it has a reputation as a universal and powerful 
protoplasm poison which is very destructive to protozoa, its action towards 
bacteria and cocci is considerably less prominent. For producing any 
definite effect on these, large concentrations are found necessary. It is 
claimed that the growth of typhoid bacilli may be stopped by 1: 30,000 
solution. However, they are not killed even by 1: 100 concentration. 
Similarly high concentrations, as much as 2%, are required to kill putrefactive 
bacteria. Mercury compounds are among the oldest of the antisyphilitics 
and still have an important place in the treatment of Syphilis. Soluble 
mercury salts such as mercuric chloride are employed chiefly as washes for 
wounds in which infection is present or anticipated. Even in very low dilu- 
tions bacteria are killed and their growth is inhibited at still greater dilutions. 
The use of soluble mercury salts is limited owing to their high toxicity ond 
their corrosive effect on instruments. ‘They have therefore been largely dis- 
placed by organic mercurials which do not have these defects and at the same 
time possess the required antiseptic power. A suitable combination of mercury 
and quinine may be expected to possess the good features of both quinine 
and mercury compounds and be devoid of their defects. The combination 
may have a larger range of utility and at the same time be less toxic. 


In the course of the preparation of the mercuric chloride compounds of 
alkaloids in general, Hinterberger’ obtained a compound from quinine and 
another from cinchonine containing the respective alkaloid, hydrogen chloride 
and mercuric chloride in the molecule. His piocedure was to add an 
alcoholic solution of mercuric chloride to a sclution of the alkaloid in alcoholic 
hydrochloric acid. ‘The compounds were described as sparingly soluble in 
alcohol, water and other solvents. Though he gave wrong formule, his 
analytical results indicate the general formula B, 2 HCl, HgCl, for these 
compounds. In an attempt to prepare sparingly soluble compounds of 
alkaloids which will be useful for characterising them, iodo-mercurates having 
the formula B, 2 HI, HglI, of quinine and cinchonine were prepared by 
Francois and Blanc? by treatment of the acid solutions of the alkaloids with 
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potassium iodo-mercurate. By the action of mercuric acetate on quinine, 
Thron® claimed to have prepared a compound having the formula R CHOH- 
CH, HgOCOCH, possessing marked properties of disinfection. In the form 
of its sulphate it is claimed to be highly useful for the treatment of venerial 
infection. More recently Craig* has taken a patent for the preparation of 
quinine hydrochloride mercury bichloride which is suitable for therapeutic 
use. Definite details for the preparation of these compounds and regarding 
their properties are not available. 

There aie three important centres of reactivity in the quinine molecule : 
(1) ‘Tertiary N atoms belonging to the quinuclidine and quinoline halves; 
the former of these is the more basic of the two since it is present in a satu- 
rated ring structure; (2) the vinyl side chain where addition of mercury 
compounds may be expected ; (3) the secondary alcoholic group which may 
undergo oxidation under suitable conditions. From the existing literature 
on quinine-mercury compounds adequate details of their preparation and 
properties are not available. Neither are all the possibilities of compound 
formation investigated exhaustively. An investigation with the object of 
obtaining accurate and detailed information relating to useful compounds 
containing quinine and mercury has therefore been undertaken and the results 
are presented in this paper. Besides possible therapeutic applications, 
compounds of cinchonine supply data confirming results obtained relating 
to the chemistry of the quinine derivatives. Hence parallel series of experi- 
ments have been conducted with cinchonine also. 

By the action of mercuric chloride on quinine four definite compounds 
have been prepared: (1) a substance having the formula B, HgCl, (I) 
obtained by mixing cold alcoholic solutions containing one molecule each of 
quinine and mercuric chloride; (2) a compound having the formula B, 
2HgCl, (II) by using two or more molecular proportions of mercuric chloride 
instead of one as above; (3) a compound having the formula B, HCl, 
HgCl, (III) obtained when the alkaloid is dissolved in water containing just 
enough hydrochloric acid to produce a clear solution and treated with an 
aqueous solution of mercuric chloride in the cold ; (4) a compound having the 
formula B, 2HCl, HgCl, (IV), obtained when hot aqueous solutions and excess 
of hydrochloric acid are used. No change occurs when excess of mercuric 
chloride is employed in cases (3) and (4). 


All the above compounds are quite crystalline, the first two being almost 
insoluble in alcohol and water. Compound III is sparingly soluble in cold 
alcohol, soluble to some extent in cold water, and easily soluble in hot water 
and hot alcohol. Compound IV is fairly easily soluble in cold water and hot 
alcohol, though it is sparingly soluble in cold alcohol and it is the most stable 
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of all the compounds. Hence it is the most convenient substance for pre- 
paring aqueous solutions suitable for injections. All the other compounds 
undergo conversion into IV, when boiled with dilute hydrochloric acid. On 
the addition of 10°, aqueous sodium hydroxide to the four compounds in 
the solid state none of them went into solution. All of them assumed how- 
ever a yellow appearance. It was easy to recover compound III in a pure 
form by washing with water and recrystallising from alcohol. On the other 
hand compound IV was found to have undergone a change yielding compound 
III obviously due te the removal of a molecule of HCl. Thus it is possible 
to convert III into IV by treatment with hot hydrochloric acid and the 
reverse change can be effected by the action of cold alkali on IV in the solid 
state. When however boiling alkali is employed decomposition takes place 
with the liberation of mercuric oxide and the base. Cold aqueous solutions 
of compounds III and IV, behave in a different way. When treated with 
alkali they yielded precipitates of the nitrogenous base only, mercury being 
retained in solution. It is obvious therefore that in this alkaline medium 
mercury is present in the form of stable complex ions as found in K+ (HgCl,)' 
and K,*+(HgCl,)” and for the separation of mercuric oxide prolonged boiling 
with alkali is necessary. Ammonium sulphide however precipitates mercury 
as the sulphide from these compounds. According to the division of organo- 
mercury compounds in regard to their use in therapy already mentioned by 
us,° these compounds can be said to belong to the pseudo-complex category. 
The constitutions of the compounds can be satisfactorily represented as below: 
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Mercuric chloride does not obviously affect the secondary alcoholic 
group as there is no reduction of the salt. That the above compounds are not 
produced by the attack of mercuric chloride on the vinyl side chain is clear 
from their properties especially their behaviour towards alkali. Such com- 
pounds produced by addition at the double bond are usually soluble in 
sodium hydroxide. On the other hand, simple nitrogenous ring structures 
like pyridine and quinoline which have no unsaturated side chains produce 
compounds with mercuric chloride® quite analogous to the above. In the 
formation of compounds I and III the more strongly basic nitrogen of the 
quinuclidine half takes part and the nitrogen of the quinoline ring enters into 
combination only later. Compounds III and IV correspond to the chloro- 
mercurates of potassium, K HgCl, and K,HgCl, respectively. 

In the case of cinchonine, the position though similar is slightly different. 
A compound of type II is obtained only when a large excess of mercuric 
chloride is employed ; otherwise a mixture of I and II is obtained. This 
difference may be attributed to the fact that the quinoline nitrogen in 
cinchonine is considerably less basic than the one present in the quinine 
molecule. 

When quinine was mixed with mercuric acetate in methyl alcoholic solu- 
tion and the mixture allowed to stand in the cold, considerable amounts of 
mercurous acetate separated in the course of an hour. No other sparingly 
soluble compound came down. On boiling the mixture, the reduction of 
mercuric acetate was faster and globules of mercury began to appear. It is 
therefore obvious that these conditions were not suitable for the production of 
any organo-mercury compound since the alkaloid underwent rapid oxidation. 
A similar behaviour is exhibited by cinchonine also. That the secondary 
alcoholic group is concerned in this reaction could be inferred from the 
results recorded by us’ in a recent publication. The same phenomena 
is noticed even in dilute acetic acid solution. However, by adopting a 
different procedure the details of which are given in the experimental 
part a colourless compound having the formula B, OH-HgOH, 2 H,O (V) 
has been obtained from quinine. This substance is sparingly soluble in 
water. It is however easily soluble in very dilute aqueous sodium 
hydroxide, ammonia or acetic acid. In view of the usage of quinine in 
therapy in an ammoniacal medium, compound V can also be conveniently 
administered in slightly ammoniacal solutions. By dissolving the com- 
pound in dilute acetic acid just enough for producing a clear solution 
and evaporating it to dryness, a soluble salt having the formula B, 
OH. HgO. CO. CH;, CH;. COOH. 2 H,O (VI) is obtained. This can be easily 
employed in aqueous solution for therapeutic purposes. Cinchonine behaves 
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in an identical manner and yields compounds quite similar in composition 


and properties. ‘The constitution of these compounds can be represented 
as below : 


CH CH 
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That in their formation addition at the vinyl side chain of the alkaloids 
has taken place is evident since the base or mercuric oxide is not precipitated 
on the addition of alkali, a clear solution being produced. ‘The analytical 
results are quite in conformity with the structures given. Since ammonium 
sulphide does not liberate mercury from the combination even on heating, 
these compounds come under the category of fully complex organic com- 
pounds. In acid medium, however, mercury is precipitated by H,S and in 
such medium it is obviously more easily available. 


Experimental 
Compounds of Quinine : 

Quinine mono-mercuric chloride (I).—To a cold alcoholic solution of 
quinine (3 g. in 10c.c.) was added in small quantities at a time an alcoholic 
solution of mercuric chloride (3g. in 26 c.c.) and the mixture shaken. A 
colourless solid began to separate rapidly and the reaction was completed by 
keeping overnight. ‘The next day the solid was filtered, washed with small 
quantities of alcohol and air-dried (5-4 g.). (Found: Hg, 34-0; Cl, 11-9%; 
C.,HosO.N2, HgCl, requires Hg, 33-7; Cl, 11-9%). 


Though it appeared to be crystalline under the microscope, the structure 
was not well defined and it had an indefinite melting point (140-70°). It 
was sparingly soluble in water, alcohol or any other organic solvent. On 
recrystallisation from dilute hydrcohloric acid it gave a compound melting 
at 255° with decomposition and resembling in properties and composition the 
compound IV (see below). It turned yellow on treatment with alkali and a 
suspension of the compound in aqueous medium gave rise to black mercuric 
sulphide with ammonium sulphide. 


Quinine dimercuric chloride (II).—A boiling solution of quinine (3 g.) 
in alcohol (10 c.c.) was added to a similar solution of mercuric chloride 
(6g. in 15c.c.). On cooling the mixture under the tapa pale yellow heavy 
precipitate rapidly settled down. It was filtered, washed with alcohol and 
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dried in air (7-6 g.). (Found: Hg, 45-8°; Cs9H2,O.Ne, 2 HgCl, requires 
Hg, 46-3%). 7 

The substance was in the form of a crystalline powder though the struc- 
ture was not definite and it melted between 130-60°. This compound was 
also sparingly soluble in all the solvents and its behaviour towards hydro- 


chloric acid, alkali and ammonium sulphide was exactly similar to that of 
compound (I). 


Quinine mono-hydrochloride monomercuric chloride (quinine-trichloro- 
mercurate IIT).—Quinine (3 g.) was dissolved in just enough of dilute hydro- 
chloric acid (the solution should be neutral or very slightly acidic to litmus) 
and to the clear solution was added an aqueous solution of mercuric chloride 
(2-5g.). A crystalline solid was immediately precipitated and it settled 
down rapidly. It was filtered, washed with a little water and recrystallised 
from alcohol (4-8 ¢.).. (Found: Cl, 16-7; CypH2sO.Ne, HCl, HgCl, requires 
Cl, 16-9%). 

Under the microscope it appeared as colourless plates and on heating 
melted at 204° with charring. It was sparingly soluble in cold alcohol, 
soluble to some extent in cold water and easily soluble in hot water and hot 
alcohol. When dissolved in hot dilute hydrochloric acid it gave rise to com- 
pound IV. When treated with 10% aqueous sodium hydroxide, it turned 
yellow and after stirring very well for 15 minutes the solid was filtered from 
the alkali and recrystallised from alcohol. ‘The original compound III was 
recovered still unchanged. But when the substance was boiled with alkali, 
insoluble mercuric oxide separated. When this reagent was added to a clear 
cold aqueous solution of the. compound, a white precipitate of quinine 
separated the mercury being retained in the filtrate. Ammonium sulphide 
precipitated mercury as sulphide from the compound. 


When the above preparation was conducted using two molecular propor- 
tions of mercuric chloride in order to investigate the possibility of obtaining 
a compound of the type Q, HCl, 2HgCl,, it was found that compound III 
alone resulted. (Found: Hg, 31-8 %; CspH2,O.N:, HCl, 2HgCl, requires 
Hg, 44-4%, whereas compound III requires Hg, 31-7%). 

Quinine dihydrochloride monomercuric chloride (Quinine tetrachloromercurate 
IV).—Quinine (3-2 g.) was dissolved in excess of dilute hydrochloric acid and 
to the boiling solution was added a hot aqueous solution of mercuric chloride 
(2-7 g.) and the mixture allowed to cool. There was a rapid precipitation of 
a crystalline solid which was allowed to accumulate overnight, filtered and 
washed with small quantities of alcohol. It was dried in air (4.8 g.) and 


analysed. (Found : Cl, 21-1%; Cz9H2,4O,N2, 2 HCl, HgCl, requires Cl. 21-2%). 
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The compound was very easily soluble in hot water, fairly easily in cold 
water and hot alcohol, though sparingly soluble in cold alcohol. When 
recrystallised from hot water, it remained unchanged and appeared as long 
rectangular plates melting at 255° with decomposition. It dissolved easily 
in dilute acids. When the finely powdered solid was treated with cold 10% 
aqueous sodium hydroxide and stirred for 15 minutes it underwent change 
into compound III. ‘This was definitely proved when the product was washed 
free from alkali, recrystallised from alcohol and analysed. (Found: Cl, 
16-6 %; Compound III requires Cl, 16-99% and Compound IV 21-2%). 
Otherwise the reactions of IV in the solid form with boiling alkali or of this 
reagent on a solution of IV as well as the action of ammonium sulphide were 
quite similar to those given by Compound III. 


a-H ydroxy-mercuri-B-hydroxydthydroquinine (V).—Quinine (3g.) was 
dissolved in dilute acetic acid and treated with an aqueous solution of mercuric 
acetate (6g.). The mixture was stirred well for about 15 minutes and then 
dilute sodium hydroxide was added (It should not be allowed to stand for 
a longer time in acid medium as oxidation of quinine occurs). First yellow 
mercuric oxide began to separate out and on further addition of the alkali 
a colourless substance appeared. ‘The latter dissolved on the addition of 
excess of alkali leaving a yellow solid consisting mostly of mercuric oxide 
behind. ‘The clear liquid (A) was decauted, the residual solid was dissolved 
in a very small amount of dilute acetic acid and then again rendered alkaline 
with aqueous sodium hydroxide. The clear liquid now obtained was added 
to (A) and the yellow mercuric oxide discarded. ‘The collected alkaline solu- 
tion was then titrated with dilute acetic acid till the maximum amount of a 
white precipitate was obtained. This occurred roughly at a pH of 9-0. 
Addition of a few drops of acid or alkali dissolved the compound and hence 
the titration should be done very carefully. The precipitate was allowed to 
settle during the course of a few hours and then filtered, washed with water 
and dried in air (2-2¢.). The filtrate was tested by adding a few drops of 
alkali or acid with a view to see if some more of the compound could be 
obtained. (Found: Hg, 32-7; C, 40-5%. CopH.,O.N,,OH. HgOH, 2 H,O 
requires Hg, 33-7; C, 40-4%). 

The substance was a crystalline looking powder but exhibited no defi- 
nite structure under the microscope. Immediately after the preparation it 
was found to decompose at 115° whereas after drying for a few days in air the 
decomposition point was 166° and was not affected further. It was insoluble 
in all organic solvents and hence could not be crystallised. It was however 
readily soluble in dilute acids and alkalies including ammonia without 
decomposition. The solution in sulphuric acid exhibited fluorescence similar 
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to that of quinine. By the action of ammonium sulphide mercuric sulphide 
is not immediately produced from the solid compound or its solution in 
alkali ; but on standing for a long time it is found to be formed gradually. 
However, a solution in dilute acid precipitates mercuric sulphide readily 
on passing hydrogen sulphide. 


a-Acetoxymercuri-B-hydroxy dihydroquinine acetate (VI).—The above 
compound was dissolved in just enough of dilute acetic acid and the clear 
solution was evaporated on a water-bath in a porcelain basin. ‘The solid 
residue was dissolved in water, filtered from any insoluble matter and again 
evaporated down to dryness. (Found: Hg, 28-6; C, 41-6%; Cy 9H2,O.Nz, 
OH. HgO. CO. CH;, CH,COOH, 2 H,O (or C.4H30,N,Hg) requires Hg, 
28-8;C, 41-4%). 

The product which was kept dry in a desiccator was found to be very 
hygroscopic, easily soluble in water and gave all the reactions given by 
compound V. It was difficult to handle and no melting or decomposition 
point could be determined. 


Compounds of Cinchonine : 


Cinchonine monomercuric chloride (I) was prepared in the same way 
as the quinine compound and its properties were similar. It was obtained 
as a pale yellow crystalline solid (rhombic piisms) melting at 172° with 
decomposition. (Found: Hg, 36-1; CygH,,ON,, HgCl, requires Hg, 35-5%). 

Cinchonine dimercuric chloride (I1).—Using two molecular proportions of 
mercuric chloride and conducting the experiment as described for the quinine 
compound, a pale yellow solid of the following composition was obtained. 
(Found: Hg, 43-5°%; CygH.2ON2, 2HgCl, requires Hg, 48-0%). It was 
obvious that it was a mixture. ‘The experiment was therefore repeated using 
three molecular proportions of mercuric chloride. The product was now found 
to contain 48-0°% of mercury. Hence it is evident that excess of mercuric 
chloride is necessary for the preparation of the dimercuric chloride compound. 
It was microcrystalline in appearance and melted between 155-72°. It could 
be converted into compound IV by boiling with dilute hydrochloric acid. 


Cinchonine mono-hydrochloride monomercuric chloride (Cinchonine tn- 
chloro-mercurate IIT)—Cinchonine (2 g.) was suspended in water and to it 
was added the calculated quantity (1 molecular proportion) of hydrochloric 
acid. ‘The clear solution thus obtained was treated with an aqueous solu- 
tion of mercuric chloride (1-85g.). Immediately a colourless precipitate 
began to separate. The mixture was kept overnight, filtered, washed with 
small amounts of alcohol and dried in air (3-0g.). (Found: Cl, 18-0%; 
CisH22ON,, HCl, HgCl, requires Cl, 17-7%). 
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It melted between 120-66°. It was soluble in cold water and hot 
alcohol and very easily soluble in hot water. Hot dilute hydrochloric acid 
gave compound IV. 


Cinchonine dihydrochloride monomercuric chloride (Cinchonine tetrachloro- 
mercurate IV).—This was prepared in the same way as the quinine compound. 
It crystallised out as colourless rectangular prisms from water and had an 
indefinite melting point 95-128° with decomposition. It contained water of 
crystallisation which was lost on drying at 100° C. (Found : in air dried sample: 
Cl, 20-4; CyH.ON., 2HCl, HgCl, 3H,O requires Cl, 20-5%). Found: in 
sample dried at 100°C.: Cl, 21-7%; Hg 31-5%, CygH22ON2, 2HCl, HgCl, 
requires Cl, 22-2; Hg, 31-5%). The use of a larger quantity of mercuric 
chloride did not produce any change in the product. 

a-Hydroxymercuri-B-hydroxy-dihydrocinchonine (V).—The cinchonine com- 
pound was obtained in the same way as the quinine compound and had quite 
similar properties. It was a crystalline looking powder which on heating 
turned brown at 212° and finally melted at 235°. (Found: Hg, 36-3%; 
Ci,H.,ON,, OH. HgOH, H,O requires Hg, 36-6%). 

The corresponding acetate was also obtained. 


Summary 


The action of mercuric chloride and mercuric acetate on the alkaloids 
quinine and cinchonine has been investigated with a view to prepare organo- 
mercury compounds. The properties and constitutions of the compounds 
have been studied. Mercuric chloride forms combinations with the basic 
nitrogen atoms of the alkaloids whereas with mercuric acetate it is posible 
to produce compounds by addition at the ethylenic double bond. Some of 
these can be conveniently employed for therapeutic purposes. 
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DoMAGK’S discovery of the remarkable therapeutic properties of ‘ Prontosil’ 
in hemolytic streptococcal infections has brought about a renaissance in the 
Chemotherapy of Bacterial Infections. Extensive researches and clinical 
trials have proved sulphanilamide and 2-N?-sulphanilamidopyridine* 
(M & B 693, sulfapyridine or dagenan) to possess irrefutable therapeutic 
properties in many bacterial infections such as those due to the streptococci, 
pneumococcr, gonococci, meningococci and a few others. There are further 
many indications of the possibility of these types of compounds exerting 
good therapeutic effects in other types of infections though, as yet, no com- 
pound has been discovered showing such brilliant results as those obtained 
with the two drugs in the above-mentioned infections. These drugs do 
exhibit certain—at times even serious—toxic manifestations which require to 
be eliminated to make them absolutely harmless in their extensive applica- 
tions. The synthetic work undertaken is to investigate these possibilities 
and to throw some light on the relation of chemical constitution to chemo- 
therapeutic action in this class of compounds. 


Many derivatives of sulphanilamide have been synthesised according 
to the usual method.! Of these compounds, the following have been tested 
independently by many workers abroad: 4-N!-sulphanilamidobenzene- 
sulphonic acid**; 4-N'-sulphanilamidoaniline,®®? | N-sulphanilylglycine®®® 
and the isomeric N'-sulphanilamidobenzoic acids.2 Of the remaining com- 
pounds, seventeen were kindly tested by Dr. G. A. H. Buttle in experimental 
streptococcal and pneumococcal infections in mice, and the results have been 
reported and discussed elsewhere.? 

Subsequently, some more compounds were tested here. ‘Though the 
results will be reported elsewhere in detail,3*’ some of the interesting obser- 
vations are recorded here. The compound, 2-N!-sulphanilamidothiazol 





* The nomenclature adopted in this paper is that suggested by Crossley. 
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(I, R =H) which has since been reported by Fosbinder and Walter® and 
2: 8-sulphanilamidoacridine (II) possess striking protective action in experi- 
mental streptococcal and pneumococcal infections in mice. ‘Till now, very 
pronounced anti-pneumococcal property was the sole monopoly of 2-N?-sulphani- 
lamidopyridine but these results give hope that other compounds might be 
discovered to beat its record. A number of sulphanilamide derivatives of 
thiazol of formula (I) and acridine are being prepared and tested. The dye 
(III), an interesting analogue of prontosil, was found to be unfit for use 
due to its highly staining properties. The corresponding azodye (IV) is far 
inferior to sulphanilamidopyridine in pneumococcal infections. It has been 
reported that 6-N?-sulphanilamidoquinoline? and 8-N?-sulphanilamidoquino- 
line are extremely toxic and possess no appreciable therapeutic properties. 
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Recently, Gray has reported N (2-quinolyl) sulphanilamide (V, R = H) to 
be inactive. We have found the corresponding carboxylic acid (V, R= CO,H) 
to be comparatively of low toxicity and to possess some antistreptococcal and 
very little antipneumococcal properties. The three isomeric N!-sulphanilamido- 
nitrobenzenes appear to be superior to sulphanilamide in _ streptococcal 
infections though far more toxic. The interesting pyridine derivative, 
2-(4’-sulphanilamidobenzenesulphonamido) pyridine (VI) has been synthe- 
sised but it was disappointing to find that it possessed very little protective 
effect in both the infections. 


Chemical Constitution and Chemotherapeutic Action 


In the “‘ race’”’ to find out new effective therapeutic compounds in this 
sulphanilamide group, the therapeutic properties of nearly 500 derivatives 
have till now been reported, while about 150 compounds have also been 
described in the chemical and patent literature without any reference to their 
individual chemotherapeutic properties. From the nebulous data available, 
the elucidation of the relationship between the chemical constitution and 
chemotherapeutic action in this group proves to be a complex problem due 
to many reasons. Analogies from the investigations with the therapeutic 
and pharmacological effects of certain groupings in other class of compounds— 
e.g., the arsenicals and the antimalarials—do not hold good in the present 
case. ‘Though, at present, we are not able to enunciate definite rules without 
exceptions even within small limits of structural changes, opportunity is 
however taken, for future guidance, to give in broad outlines the effects 
produced by the structural changes. 


7. The Fundamental Nucleus 


Though the seat of chemotherapeutic activity (antistreptococcal) appears 
to be the grouping (VII),'*? compounds known to be highly active all possess 
the radical (VIII). The activity is almost lost if the relative positions of 
these groupings are changed or additional substituents introduced into the 
benzene ring;”® as an exception, the compound (IX) is reported to be active.” 
The grouping (VII) is not indispensable for activity because, compounds with 
no sulphur atoms as the diphenyloxide or diphenylmethane derivatives, 
nitrobenzoic acid, some arsenic derivatives,!® and some nonbenzenoid com- 
pounds as dipyridylsulphide,’® are all known to possess definite, though 
small, activity. 
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2. The Function of the (N*)-Nitrogen in (VII & VIII) 


(a) The compounds, wherein this nitrogen atom functions as a nitro, 
nitroso or hydroxylamino and not a hydrazo-group, are all highly active, 
especially when they are benzenesulphonamide derivatives.” 


(6) When the nitrogen atom is functioning as an azo-linkage, compounds 
of varied activity are produced ;'5*1%%i but the activity of these dyes 
appear to be due to the amino compounds formed from them by reduction 
in vivo. 18.40 


(c) When (N’)-nitrogen functions as an amino-group, compounds of 
great therapeutic advantage are obtained. Substitutions at this amino- 
group in a variety of ways have not resulted in the production of compounds 
of far greater activity® ; there are some suggestions!® 699 that the activity 
of these also may be due to the free amine liberated in vivo. 


Substitution of the alkyl or (substituted alkyl group with amino, 
hydroxyl or carboxyl, and not the sulphonic ® '® radicals (or aralkyl groups 
at the N*’-amino group decreases or destroys the activity.” 2930 Acylation 
of the amino-group decreases or destroys the activity, °°" although valeryl, 
caproyl® and 2-pyridone 5-carboxyl groups*! have been stated not to do so. 
Conversion of the amino-group into a urea™* or a thiourea* derivative 
destroys the activity, while the guanidine derivative is reported® to be quite 
active. Conversion into Schiff’s bases produces compounds of about the 
same activity statistically, but of far less toxicity.?!* Conversion into other 
types of heterocyclic derivatives results in the loss of activity. 


3. The Function of the Radical R in (VII & VIII) 


(a) The compounds, wherein the radical R is a hydrogen atom, hydroxyl 
group or chlorine atom in (VII) or (VIII), are only of theoretical interest to 
indicate that some distinct, but little, activity is obtainable even in the 
absence of sulphonamide group. Thus, p-acetaminothiophenol™ (and not 
the nitro or amino derivative’), p-acetaminobenzenesulphinic acid“! (and not 
the sulphochloride*®), dinitro and diamino diphenylidisulphides®** all possess 
some distant activity. 


(b) (i) Very highly active compounds are produced when R is a benzene \ 
ting with a nitro, amino or acetamino groups in the para-positions, especially 
in (VIII). 4 : 4’-Diaminodiphenylsulphone tops the list of compounds possess- 
ing antistreptococcal activity in experimental infections in mice, being about 
100 times as active as sulphanilamide.*:14?7#8 The introduction of other 
groupings into the benzene rings destroys the activity. The corresponding 
diphenylsulphoxides are less and the diphenylsulphides much less active.® 
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(ii) When R is an aliphatic chain in (VIII), the activity of the com- 
pounds is very little or nil’ excepting when it is an amyl or f-ethanol radical, 
in which case the compounds obtained are a little less active than sulphani- 
lamide.®? 


(c) Sulphonamide Derivatives (R = NHR’ in VIII).—Derivatives of this 
type offer a great deal of variations and possibilities. The two compounds 
now extensively in use and those that show promise all belong to this group. 


(i) When R’ is an aliphatic chain without or with the groupings amino, 
hydrexyl, carboxyl, sulphonic, phenyl, etc., the activity of the compounds 


is much decreased or lost excepting when it is a methyl or ethyl radi- 
Ca] 2.9.8, 21,22,29,30 


(ii) When R’ is an acetyl radical the activity is decreased.1851%% 
Compounds superior to sulphanilamide are claimed to be produced when 
R’ is a p-aminobenzenesulphony! radical .*.8 


(iii) When R’ is an aromatic ring, a great variety of interesting com- 
pounds are produced by substitution in the second benzene ring. The 
parent compound, p-aminobenzenesulphonanilide itself is active.*2 Substi- 
tuents as nitro, amino and dimethyl amino-groups increase the activity.** 
The compounds with the carboxyl and sulphonic acid groupings in the ortho- 
positions are quite active,®” though the acrylic acid grouping produces an 
inactive compound.? A sulphonamide or substituted sulphonamide group 
in the fara produces active compounds with practical advantages.§4% 
The aminobenzenesulphonamide grouping in the meta or para and not in the 
ortho-position, produces active compounds, the activity of which being further 
increased by an additional sulphonic acid grouping in the second benzene 
ring. 


When R’ is a reduced benzene ring the activity is lost.?1%° 


(iv) When Rg is a heterocyclic ring, very interesting compounds are 
produced and the entire possibilities in this direction have not yet been fully 
explored. Thoughthe data available is scanty, from the results so far 
obtained, the suggestion appears justifiable that the nature of this hetero- 
cyclic ring plays a remarkable réle in intensifying the therapeutic properties 
of the parent sulphanilamide, especially in those infections, in which it is 
little or not effective. 


A morpholine or a piperidine®! ring destroys the activity. When R’ is 
a pyridine ring, compounds remarkably active in the pneumococcal infection 
are obtained.*** The 
and appear to be of no use.?!.18 


corresponding quinoline derivatives are very toxic 
Acridine derivatives show some promise. 
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Thiazole derivatives** also appear to show as good results as the pyridine 
compounds in many experimental infections in mice. The other ring systems 
have not vet been tried. 


4. The Specificity of Antibacterial Action 


Sulphanilamide possesses a striking polyvalent action, being very 
effective in B-hemolytic streptococcal, meningococcal and gonococcal infections ; 
less in the pneumacoccal and far less in the straphylococcal infections. Substi- 
tution at the amino part of the molecule greatly suppresses all the properties 
excepting its action in streptococcal infections.**7*%*® On the other hand, 
particular types of substituents in the amide part of the molecule (R’), ¢.g., 
a pyridine or a thiazol ring, enhance the activity in pneumococcal and staphylo- 
coccal infections. Some compounds also show some viruscidal properties.* 
The diaminodiphenylsulphone and its derivatives, though far more active 
than sulphanilamide and 2-sulphanilamidopyridine in streptococcal infec- 
tions in mice, is far inferior to 2-sulphanilamidopyridine in pneumococcal 
infections. Levaditi et alia“ have reported the diphenylsulphoxide derivatives 
to possess very specific activity in gonococcal infections “just as the arseni- 
cals’’. Adams et alia 38° have provided us with a large number of instances 
of sulphanilamide derivatives which are practically inactive in streptococcal 
infections but highly active in meningococcal infections in mice. 


These and many other instances appear to indicate the possible existence 
of some sort of specificity of the different compounds towards particular 
bacterial infections. ‘This implies that, we may, by skilful manipulations 
of the molecular structure of sulphanilamide, be able to produce derivatives, 
each of which being effective in a particular infection. This is quite reason- 
able to anticipate in view of the fact that the bacterial infections vary so 
widely in their zetiology that the nature of the compounds required to combat 
them should possess the requisite variety of properties (varying from persis- 
tent moderate action over a long period to intense quick action for a short 
time) which can be provided by suitable changes in the molecular structure. 
The whole problem thus consists not merely in synthesising different types 
of compounds but also in testing them in many types of infections. 


Experimental 


The yields in all experiments, unless otherwise stated, are all understood 
to be good varying from 75 to 90 per cent. 


4'-Hydroxy 3'-methoxybenzlyidene 4-aminobenzenesulphonamide.—p-Amino- 
benzenesulphonamide (3-4 ¢g.) was dissolved in alcohol (30 c.c.), vanillin 
(3-0 g.) added and the mixture heated under reflux for 30 min, It is then 
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diluted with water and the alcohol distilled off whereby the anil crystallised 
out. It is then recrystallised from dilute alcohol, m.p. 198°-99°. [Found: 
N, 9-0; S, 10-1; CoyH,4N.0,8 requires N, 9-1; S, 10-4%.] 


4-(4’-Hydroxy  3’-methoxybenzylamino) benzenesulphonamide.—To the 
above Schifi’s base dissolved in glacial acetic acid was added zinc dust and 
the whole warmed on the steam-bath till the yellow solution was decolourised. 
The reduction product, isolated in the usual way, crystallised from dilute 
alcohol in shining leaflets, m.p. 167°. [Found : N, 8-7; S, 10-0; C,4HigN.0,8 
requires N, 9-1; 5, 10-4%.] 


The Schiff’s base from p-nitrobenzaldehyde and sulphanilamide did not 
undergo such a smooth reduction with zine dust and acetic acid. 


a-N'-Acetsulphanilamidodihydrocinnamic acid:  (N-acetsulphanilyl-B- 
phenyl-a-alanine.—To phenylalanine (6-2g.) dissolved in 2-5N _ sodium 
hydroxide (30 c.c.) was added with good stirring p-acetaminobenzenesulpho- 
chloride (8-8g.). Everything quickly went into solution and after a 
short time set to a crystalline mass. It was dissolved in the minimum 
amount of water, filtered and acidified with hydrochloric acid. The oil 
which separated rapidly became granular. It was filtered and on recrystal- 
lisation from dilute alcohol was obtained in shining needles, m.p. 205-6°. 
[Found : N, 7-2; 5, 9-1; CyHigN.0,S requires N, 7-7; S, 8-8%.] 


a-N! Sulphanilamidodihydrocinnamic acid hydrochloride (N-sulphanilyl-f- 
phenyl a-alanine).—The above acetyl compound (5-6 g.) was heated on the 
steam-bath with 5-5 N hydrochloric acid (40c.c.) for 1 hour. The clear 
solution was diluted with ethyl alcohol whereby the hydrochloride of the 
base crystallised out in thick prismatic needles. Recrystallised from alcohol 
containing a little hydrochloric acid it has m.p. 196-7° (decomp.). [Found : N_ 
7-3; Cl, 9-6; Cy;Hiz N,O,4 SCl requires N, 7-9; Cl, 10-0%.] 

—(N Sulphanilamido) ethylene sulphonic acid (N-sulphanilyltaurine).— 
To dl-taurine (5-8 g.) dissolved in 4 N sodium hydroxide (15 c.c.) was added 
p-acetaminobenzenesulphochloride (11-5g.) with good shaking. When 
everything had gone into solution, the clear filtrate was acidified with con. 
hydrochloric acid. The product obtained was filtered and hydrolysed by 
boiling with 5-5 .N hydrochloric acid for 45 mimutes. The free base obtained 
crystallised from water in beautiful elongated plates. [Found: N, 9-8; 


99 


S, 22-3; C,H,.N.O,S. requires N, 10-0; S, 22-9%.] 


i-N'-Sulphanilamidonaphthalene-3:6 disulphonic actd.—To I-amino- 
naphthalene 3 : 6-disulphonic acid (6-0 g.) dissolved in 4 N sodium-hydroxide 
(1h c.c.) was added finely powdered -acetaminobenzenesulphochloride 
(4-6 g.) and well shaken till everything went into solution. It was filtered: 
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acidified and the product, which separated, was boiled with 5-5 N hydro- 
chloric acid for 14 hours. The amine hydrochloride separated on cooling 
in fine needles and was recrystallised from dilute alcohol. (Found: N, 5-4; 
Cl, 7-2; CigHi;N20, S3Cl requires N, 5-7; Cl, 7-2%.) 


? 


2-N1-Sulphanilamidonaphthalene 5: 7-disulphonic, acid was prepared as 
above. ‘The free base crystallised from dilute alcohol in fine needles. The 
aqueous solution showed a blue fluorescence. [Found : N, 5-7; CyHi4N20,55 
requires N, 5-1%.] 

2-N1-Sulphanilamido 8-naphthol 3: 6-disulphonic acid.—To 2-amino 8- 
naphthol 3: 6-disulphonic acid (10 g.) dissolved in 4.N sodium hydroxide 
(25 c.c.) was added p-acetaminobenzenesulphochloride (7 g.) and shaken till 
everything went into solution. The clear solution was acidified and the 
product which separated was heated on the steam-bath with 5-5 N hydro- 
chloric acid for 14 hours. The product that separated on cooloing was 
filtered, dissolved in dilute sodium hydroxide, and the clear solution acidified 
with acetic acid, whereby the acid gradually crystallised out. It was filtered, 
washed with alcohol and dried. (Found: N, 5-8; S, 20-9; CigsH,4N.0,S, 
requires N, 5-8; S, 20-2%.) 


1-N? Sulphnilamido 8-hydroxynaphthalene 3: 6-disulphonic acid was 
preprared as described in the previous experiment. (Found: N, 5-7; S, 21-0; 
CisHy4N.O.S3 requires N, 5-9; S, 20-2%.) 


6-N1-Sulphanilamidoquinoline.°—6-Aminoquinoline (5g.) and p-aceta, 
amino benzenesulphochloride (8 g.) in pyridine (25 c.c.) was heated to boiling, 
cooled and diluted with water. ‘The crystalline condensation product was 
filtered and boiled with 5-5 N hydrochloric acid for 30 minutes. The clear 
solution was just made alkaline with ammonia whereby the free amine 
separated. It recrystallised from dilute alcohol in rectangular plates 201°. 
(Found: N, 13-7; 5, 10-6; C,;H,3N30,5 requires N, 14-0; S, 10-7%.) 

p-(Phenylthiocarbamido) benzenesulphonamide.—A mixture of p-amino- 
benzenesulphonamide (17-2 g.), phenylisothiocyanate (13-5g.) and alcohol 
(250 c.c.) was heated under reflux for 30 minutes. The crystalline solid that 
separated was filtered and recrystallised from alcohol, m.p. 189°. [Found : N, 
13-9; Cy3H,3;N3;0.S. requires N, 13-7%.] 


t : 4’-Di (w-allylihiocarbamido) diphenylsulphone.—4 : 4'-Diamino-dipheny]l- 
sulphone (3 g.) in ethyl alcohol (20 c.c.) was boiled with allyl isothiocyanate 
(2g.) for 4 hours. The solution was then diluted with water, the crystalline 
product that separated was filtered, washed with dilute hydrochloric acid 
and crystallised from alcohol, m.p. 183°. [Found: N, 12-5; S, 21-4; 
Cy2Ha2N,O.S3 requires N, 12-4; S, 21:5%.] 
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4-N'-Sulphanilamidoaniline.—This compound has been described pre- 
viously! and given the m.p. 155°. Just subsequent to this, Webster and 
Powers* obtained it by the reduction of the corresponding nitro-compound 
and gave the m.p. 155-56°. On repeating our own experiments on a larger 
scale, we could obtain a product of m.p. 137-8°, the mixed melting point 
with the previous specimen being undepressed. Recently Bauer‘ has obtained 
this compound by the reduction of the corresponding nitro-compound with 
sodium hydrosulphite and records the melting point 138°. This interesting 
discrepancy is being investigated. 

2-N1!-Sulphanilamidonitrobenzene.—The acetyl derivative of this com- 
pound has been described by Webster and Powers“ who use dimethylaniline 
as the condensing agent. We find that the reaction proceeds smoothly with 
pyridine. 

A mixture of ortho-nitraniline (14 g.), p-acetaminobenzenesulphochloride 
(24 g.), acetone (80 c.c.) and pyidine (16 ¢.c.) was refluxed for 1 hour, allowed 
to stand for 2 hours and diluted with water whereby an oil separated which 
slowly solidified. The solid was washed with dilute hydrochloric acid and 
boiled with alcoholic hydrochloric acid for 1} hours. The solution was 
diluted after distilling off the alcohol and carefully neutralised with sodium- 
bicarbonate, whereby the free amine was thrown down. It crystallised from 
dilute alcohol in golden yellow needles, m.p. 167°. [Found: N, 14-0; 
C,2H,,N;0,S requires N, 14-3%.] 

N*-(3-Carboxy 2-quinolyl) sulphanilamide, [2-(4'-sulphanilamidobenzene 
amino) quinoline 3-carboxylic acid].—An intimate mixture of finely powdered 
sulphanilamide (1-5 g.) and 2-chloroquinoline 3-caboxylic acid (1-7 g.) was 
heated ir a bath at 165-70° for 30 minutes. The mixture softened to a yellow 
mass and became brittle. It was cooled, dissolved in dilute sodium hydroxide, 
filtered and precipitated with acetic acid. It separated from di-acetic acid 
as a crystalline powder, m.p. not below 280°. [Found : N, 14-2; C,H 3N;0,5 
requires N, 14-7%.] 

Though cholesteryl chloride has been condensed with aniline, xylidene, 
etc., all attempts to react it with sulphanilamide ended in failure. So also, 
chloracetylcholesterol*® failed to react with sulphanilamide. When chole- 
sterylanilide was treated with chlorosulphonic acid with the hope of obtaining 
the benzene substituted sulphochloride, a more deep-seated reaction appeared 
to take place. Other methods to obtain the desired compounds are being 
tried. 


2:8-Di (N'-sulphanilamido) acridine (II).—To 2: 8-diaminoactidine 
(6 g.) suspended in pyridine (10 c.c.), acetone (25 c.c.) and water (10 c.c.) was 














Chemotherapy of Bacterial Infections—I1 307 


added gradually with good stirring p-acetaminobenzenesulphochloride (15 g.). 
The whole of it went gradually into solution with the liberation of heat and 
the temperature was kept below 45°C. by cooling. The mixture was kept 
shaking for 2 hours. It was then diluted with water (100 c.c.) and sodium- 
hydroxide solution added to make the solution just alkaline. After about an 
hour, it was filtered (about 2-5 g. of the diaminoacridine was recovered) and 
the filtrate acidified with 50% acetic acid whereby 2 : 8-di-N'-acetsulphanil- 
amidoacridine was thrown down. It was filtered, washed with water, 
dissolved once again in dilute sodium hydroxide solution and the clear solu- 
tion treated with a saturated solution of ammonium chloride till there was no 
further increase in the precipitate. ‘This was filtered and bciled with 10% 
sodium hydroxide for 1} hours. On cooling, the sodium salt of the free amine 
separated. It was dissolved in water and acidified with acetic acid. From 
the hot alkaline solution itself, by the addition of a saturated solution of 
ammonium sulphate the base can be obtained. It was obtained from dilute 
acetic acid as a red powder. (Yield about 3-5-4g.). [Found: N, 13-0; 
C.;H.,O,N;52 requires N, 13-5 %.] It is insoluble in all common organic 
solvents excepting acetic acid. It is soluble to the extent of 1 in 12,000 in 
water and the aq. solution is yellow. The sodium salt which can be obtained 
as a crystalline mass, is gradually hydrolysed by water. 

In the above experiment even when one molecule of the sulphochloride 
was used, only the disubstituted product was obtained. 

2 (4’-N'Sulphanilamidobenzenesulphonamido) pyridine (VI).—To 2-sulpha- 
nilamidopyiidine (2-1 g.) in 50% acetone (20 c.c.) and pyridine (1 ¢.c.) was 
added gradually p-acetaminobenzenesulphochloride (2 g.) with grinding in 
a mortar. It is kept for 1 hour with frequent shaking, diluted with water 
and alkali was added whereby everything went into solution. On acidifying 
with acetic acid, the condensation product separated as an oil and soon 
crystallised. It was filtered and boiled with 5 N hydrochloric acid for ? hour. 
The clear solution was carefully neutralised with sodium bicarbonate, when 
the free amine separated. It crystallised from alcohol in rosettes of shining 
needles, m.p. 236~38°. [Found : N, 13-3; CyHigN4S.0, requires N, 13-9%,.] 

2-N1-Sulphanilamidothiazol( I, R = H).—This compound, also reported 
by Fosbinder and Walter,*® can best be prepared by the following method 
which, after many trials, we have adopted to synthesise in large quantities 
for clinical trials. 

To 2-aminothiazol (45 g.) in acetone (50 c.c.) and pyridine (20c.c.) is 
added gradually with good stirring p-acetaminobenzenesulphochloride 
(about 100g.) freshly prepared from acetanilide (75 g.) and chlorosulphonic 
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acid (160 c.c.) and dried on porous plate. The whole of it goes into solution 
with warming up. After all is added, it is allowed to stand with frequent 
shaking for two hours and then diluted with water. The product that 
separated is filtered after some time, dissolved in sodium hydroxide solution 
and the clear filtered solution acidified with acetic acid when 2-acetamino- 
benzenesulphonamidothiazol is thrown down. It is filtered and dried. 
(Yield about 35¢g.). In the above experiment, in the place of pyridine, 
sodium carbonate can be used but this offers no advantage. 


The hydrolysis can be carried out in almost quantitative yields by boil- 
ing 20g. of the above acetyl derivative with 150 c.c. of about 3-5 N hydro- 
chloric acid till everything goes into solution (20 min.) and carefully neutral- 
ising with ammonia. If excess of ammonium hydroxide is added, the dis- 
solved base can be liberated by acetic acid. The product obtained as such 
melts at 190-93° and by one more crystallisation at 197-98°. The solu- 
bility of this compound is about twice as that of 2-sulphanilamidopyridine. 
The amino-group of the thiazol derivative is diazotisable and so for estimation 
the same method as that used for sulphanilamide or 2-sulphanilamidopyridine 
can be used. 


4-Amino 5-(4'-sulphanilamidophenylazo) uracil.—To 4-aminouracil (8-0 g.) 
dissolved in 2 N sodium hydroxide (150c.c.), was added under cooling a 
solution of diazotised sulphanilamide (E g.) after removing the excess of 
nitrous acid with urea. The red solution was kept stirred for 15 min. and then 
acidified whereby the red dye separated. It was then obtained from pyridine 
as a red powder. [Found: N, 26-7; C,,H,,O,N,S requires N, 27-1%.] 


4-Amino 5-(4'-sulphonamidophenylazo) thiouracil.—This was prepared 
as above by diazotising sulphanilamide and coupling with 4-aminothiouracil 
and obtained as a red infusible powder. [Found: N, 26-3; C,9H,,O3N,S, 
requires N, 25-8%.| 


Similarly, 2-N?-sulphanilamidopyridine diazotised and coupled with 
4-aminothiouracil and mefaphenylenediamine yielded the corresponding 
dyes (IV and IIT) respectively. 


The nitrogen in most of these compounds was estimated by Kjeldahl’s 
method and sulphur by oxidising the substance and estimating as barium 
sulphate. 


My grateful thanks are due to Lieut.-Col. S. S. Sokhey, m.p., rms., for 
his keen interest in this investigation and also to the Lady Tata Memorial 
Trust for the award of a research scholarship. 
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Summary 


The synthesis and the chemotherapeutic effects in experimental strepto- 
coccal and pneumococcal infections in mice of new sulphanilamide derivatives 


are described. 2-N'sulphanilamidothiazol appears to possess a very striking 
effect in these infections. 


The realtionship of chemical constitution to chemotherapeutic action 
in this group of compounds has been outlined basing on a study of the thera- 
peutic properties of about 500 compounds till now reported. While the 
substitution at the amino radical of sulphanilamide does not produce com- 
pounds of increased activity but cnly suppress the polyvalent action of the 
original compound, the substitution at the amide part of the molecule, 
especially by a heterocyclic ring, produces compounds of increased activity, 
particularly in infections in which sulphanilamide is very little effective. 
The highly active diaminodiphenylsulphone derivatives have to be properly 
modified to be used in practical therapy. There does appear to be a sort 
of specificity of the compounds towards different types of infections so that 


the new compounds produced should be tested in different types of infections 
also. 
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ON ANGELESCU’S POLYNOMIAL z,, (x) 


By N. A. SHASTRI 
(College of Science, Nagpur) 


Received March 15, 1940 
(Communicated by Prof. B. S. Madhava Rao) 


THE object of this paper is to investigate certain properties of the type of 
Generalized Laguerre polynomial given by Angelescu.t' In I and II we obtain 
the general addition theorem and the generalized recurrence formula while 
in III is investigated an operational representation of 7, (x) and with its help 
7, (x) is connected with functions like Laguerre polynomial, Bateman’s 
k-function and parabolic cylinder function. In the last section certain 
integrals involving 7, (x) are investigated. 

I. The generating function of the polynomial z, (x) as given by B. S. 
Sastry? is 


1 a, (x). 
i — ger {-7H}4(- 4) - Ee py, (1) 


Changing x into x + y and after a slight adjustment we have 


i Syne (— 72 Jia : exp (— r=) #(- = 


co tS 
= (1 —t)—(#+1) o 17 (x + y). 


The first bracket on the left-hand side being the generating function® of the 
generalized Laguerre polynomial we get 


{(-" ear oy Late } 1, sim (”)} = {= *, ‘) (— 07] 


x BE ny (x +y)}: 


From this after equating the coefficients of #” on both sides we have the 
general addition theorem : 


"(n) 
a Lim+n—r (X) Ty (y) _ +(-* >") = Tm-r 2 
“9 * (ntm—r)!r! (m — 1) (2) 
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If m is taken as zero we get 


" Lim —r (x) Ty (y) _ > Tm — 7 (% + y) 
2 (m—r)!7r! += (m — r)! 


__ ™m (x + y) ms Tm—-r-1 (x +9) 
om! + = (m —r —1)! 


_ Ty (x +) — Lim - p-1(%) 7 r(¥) 
ST =, (m—r—1)!r! 
Therefore 


m | me (m —r)!r! nae (m —r —1 


a result obtained by Varma.* 


Tm (x +y) = x Lim —» (%) 7, (y) m5! Lim-r-1 (x) +f (y) 
) ! 


II. (i) We will now get the generalized recurrence relation for z,, (x). 
For this differentiate (1) »-times with respect to x we have 


(or ee [- 72a] 8(-ra) 0-8 Feel @ 


or 


(= FS) = {2 (Sof LE Sy go lp 


a eR ane S te, s! dxt+ 


By equating the coefficients of i#** we get the following recurrence relation 


n s! d” 
7; (x) = = sad * di n +s —?) 1 dxn [Te+s-r (x)]--° (4) 


fr=0 

If we put » equal to unity in this we get the recurrence formula 
T5431 (x) = (8 +1) [x,’ (x) — 2, (x)]. 

obtained by Sastry. 


(ii) We can write (3) in a siightly different form and get a more 
general result as follows : 


_— f\% xt t se isd” 
at ean biel [- = é (- 1 =a oe Zz s! dx" Uns (#)] 


or 


(— 1" (eras e xp(-, aah {i exp (—5 = —y )6(- i=} 
mE HP er ee ry 51 %(5)) 


={2(0-" . ‘)(-9 ff, = a ie s (x)} 
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By equating the coefficients of ~*+* we get 


Sa ren ae 
2 (5) =- A) | a z"( . \ at ) a 


8 
m DH 4 
i 2 Slade Mater (2 


rao N+m+r)!(s Pee 
(5) 

(iti) Again changing x into x+y in (1) and differentiating the 
resulting equation m-times with respect to x and m times with respect to y, 


we obtain 


(—art* {aaa yarn exp ( - 1=a)} {r= a? (- 4)¥(- 3 =)} 


co ts a” +2 


= 2, st dam dyn 7 (* +9): 
or 
+ y 72 1 is (m+ n— 1) a 
‘dua m 4 p> a + wu — , _ = : 
( t) 1.2, | ) (m fm ps Wil We tate-1 (4) 5 X 
‘ a ) co fs qmtn 
x 7 s! Ts (y) s = = 5! dxmyn 3 (% + y). 
Now equate the coefficients of #+*”+5 and we get 
8 l m+t+n-i1 — (y) 


— = impntr—1)! Watatent 


(s—r)! 
l q@ +2 
= (mF Fs! dem dye mone s (% FY) (6) 


A particular case of this is 


q+n 
d y™ dyn Tm+n \X + y) — (<}"** (m + n) &o 


III. We will now obtain the operational representation, of 7,, (x). For 
this multiply both sides of (1) by e-4" and integrate with respect to x between 
the limits zero and infinity. If 7, (~) = /f(p) we get after integration 


[#5 6(-r) = Fa 


But 
co {7 
= a ) 
o(- i) = (La) 2 Hm (0) 
Therefore 
_j9fF", olf 8 G-Y A B* 
(1 2, n | 7 (0) 5 i.*. pr ; st *, n ! f(?) 
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or 


eo [ECE YF Sr 


n=0 n=0 


Hence equating the coefficients of t” we get 


f(p) _ % 7m, (0) (p-1l\*-” 75! 2, (0) (6 —1\*-7-! 
= BMGT” EEG) 
or 
f(P) _ mm (0) "5! m, (0) (Bb — 1)*-7- 3 

r=0 rv} | ited 


n | n ! 
Hence the operational representation of 7, (x) — z,, (0) is given by 


. . *S* aia, © — e—-F ¢) — A\a—7r-2t 
wa (2) — my (0) = MMO) en (1 SP) (7 
If we use the formulz 
(p _ tw 1 (1) 
net os nN +1 x Lin (x) 
and 
= + Xx ee ee t—¢r—t 


and Lerch’s theorem we get the relations between z,, (v) and Laguerre poly- 
nomials and Bateman’s -functions as 


gi! 20) 7° 


Ty (0) — Ry (x) ee ry! nu—yr Ln -+-1 (%) (8) 


and 


wet el 


—_ Wie 
el 


tn (0) — tm (x) = (0) (—)*-"- 26" hep-ar(F) (9) 
To establish the relation between parabolic cylinder functions and 7z,, (x) 
change the equation (7) by a theorem of Operational Calculus into 


‘ n-1'y! ge? 
e-= [ty (0) — Ty (x) = —- rT Ty (0) (p + ])#-7+1 
r= : ; , 


and apply to it Humbert’s theorem! : 


f (vp) = f e A (s)ds iff (p) = h (x) p> 0 


Vax 


A5 ¥ 
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we get 


Pee 


a | A [ -mmpeas —~ ean 
wap -s| tm (s) — mm (0)] ds = et % (Ol x 
0 


(Vp + 1y*-7+1 ogni eam m yr! 


But 


(vp)"-" _ ek (—ymen (*7 2) n! nr, (0) a 


Vp = 2 Dy\t (2-1 r Dp 
ate f2 (2x)k- 0 eb D_, (4/2). 


where D,, denotes a parabolic cylinder function. Interpreting the above 
result with the help of this relation we obtain after a little modification 


fx [ - _ . s| {0 (s) ~ tt (0)} ds = 


i) 


n-1n-Pr-1! : mf — l 
zz om ) Bem, (0) (Baym cb D2 (V/2a)- (10) 
r=0 m=0 m r! ; 

IV. ‘To obtain the integrals involving 7,, (x) we proceed as follows: 
From (7) we get by a theorem of Operational Calculus 

P 
- 2 : ay P 
€ [%, (X) — mm (VO) = (—}*-* 
=0 


oo 


| 


To | nol 
+} | 
tS. DS 


: juarti” 


To this apply the theorem 


ip) dp Se dx if f(p) 


r=0 


& 
r . . n—-1 
f x [t (%) — Ty (0)] ax = = 
Q 


x al, "E (—yene Be Ol tn 4 (— aye-r- 1, 


+p Pair y! n—r 


From this we get the following two integrals. 


n-1 


x 27 2) ! ‘ 22,4 1 (0) 


( 
yao (27 +1)! ln —27 —1 = 
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and 
f "Sa ; 0) — wit ae = $ (Qn +1)! 27, (0) 13 
. X [Toe + 1 Toe +1 \%) 5) a aia = ~(2r) | on —2r + 1° (13) 


Again if we use the orthogonal relations of Laguerre polynomials with (8) we 
get the result 


f €-* [my (0) — my (2)] Liv (x) dx = f° Some” 
a (n —m—Iy! Tn — m— 1(9) 
O<cm<n-—lil, (14) 


while using the orthogonal relations of the A-functions with (9) we have 


3o 
f C~* [a4 (2x) — Ty (0)) Reon — 24 (x) ax 
0 
n! (—)#-7+1 [ Qa, (0) y+ (0) 
= ——, - t,-, (0) -- = 77". | n>r>l (15 
(r—1)! 2 v1 (0) Y +a ( ) 
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Introduction 


In two of the previous publications,’ the authors have made a systematic 
study of the formation of inorganic gels from sols by bringing out coagulation 
of the latter. The coagulation velocities of sols giving out lyophobic coagu- 
lum have been hitherto studied by authors like Paine and others, but very 
little attention has been paid to the gelation velocities of lyophilic inorganic 
sols. It must be mentioned here that no rigid distinction appears to be 
existing between a lyophobic and a lyophilic sol, especially when one has to 
deal with inorganic substances. An inorganic sol giving out a jelly is both 
lyophilic and lyophobic. It is lyophilic so far as its water binding capacity 
is concerned. It is lyophobic because it is not generally heat-reversible, nor 
its aged or dehydrated particles show that amount of swelling which one 
experiences in the case of gelatin, agar agar and other lyophilic organic 
substances. But the authors have experienced that suitably prepared sols 
of iron, chromium and aluminium salts or hydroxides exhibit these properties 
also to some extent. 


In his experiments on copper sol, Paine? observed that on addition of an 
electrolyte, there is an initial period in which the sol remains quite clear; 
when coagulation commences at the end of this period, the speed at which 
it occurs, diminishes in a continuous manner. For colloidal solutions of 
different concentrations, the rate of coagulation is proportional to the square 
of the initial concentration. This, according to Paine, is in agreement to the 
mass action law and indicates that coagulation is brought about by the 
mutual attraction of the particles. Paine has also studied the rate of coagu- 
lation with respect to the variation of the electrolyte concentration. He finds 
that the rate of coagulation in case of copper sol is proportional to some 
power of the concentration of the anion, that is, R oc C4. Within the limits 
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of the experimental errors, the value of the index p is the same as the index n 
in the adsorption formula y = aC”. Paine also found that p has the same 
value for coagulation with ions of different valencies, this agreeing with the 
Freundlich’s view of the mode of action of the ions. When equivalent 
quantity of ions have been adsorbed, the colloidal particles behave quite 
similarly in reference to the process of coagulation. 

In the present series of papers, the authors have made an attempt to 
see how far the Paine’s expression can be applied to the gelation processes. 
In the first paper, they have shown that in the case of the jellies of ferric 
arsenate, ceric hydroxide, zirconium hydroxide and chromium arsenate 
(positively and negatively charged both), the following expression gives the 
relation between the setting time of the jelly (@) and the concentration of the 
electrolyte (C) : 

S = 1/0 = RC 
oT 

log S = log R + p log C. 
In this expression, S denotes the velocity of jelly formation and is equal to 
the inverse of the setting time of the jelly. The mechanism of jelly forma- 
tion is more complicated than the mechanism of coagulation and as such, it 
will be interesting to see that the index p very much differs from the index n 
of the Freundlich’s adsorption formula. 

Experimental 

We have applied this expression to some more sols as aluminium 
hydroxide and ferric phosphate, and have found that it is invariably appli- 
cable. We shall give here our results with four different samples of ferric 
phosphate sols prepared separately and having different concentrations. 

Ferric phosphate sol I.—Concentration of the sol = 42-64g. of ferric 
phosphate per litre. The sol was prepared by the Holmes* method by 
adding potassium dihydrogen phosphate to an excess of ferric chloride solu- 
tion and then dialysing the sol thus formed. ‘To three c.c.’s of the sol. were 
added different amounts of N-potassium chloride solution, making total 
volume in each case 5 c.c. The setting time of the jellies was measured 
in seconds. ‘The values of p and log R were calculated out from the two 
observed values, and then applied to determine the values of log S in other 


cases. From the two values S, and S2, corresponding to the concentrations 
of electrolyte, C, and Cy, 


From the value of ~, log R is easily determined. 
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TABLE I 
p = 3-366; log R = — 0-044 
| | 
i ( c ; | log C a sabe ~~“ eo 
| (secs.) found lated 
\ 
0-20 N | — 0 -6990 252 —~2-4014 ee 2 +3968 
0-18 - 0-7447 345 ~ 2-5378 — 2 -5506 
0-16 — 00-7959 510 —2-7076 | —2-7230 
0-14 — 00-8539 965 — 2-9845 | - 2-9182 
0-12 — 0-9208 1380 3-1399 - 3-1434 
0-10 — 1-0000 2580 | 3°4116 — 3-4100 
0-08 — 1-0969 5940 — 3-7738 ~ 3-7362 





litre. 
was kept to be 5c.c, 


Sol. II.—Concentration of the sol 
1-5.N KCl was used as coagulating electrolyte and the total volume 


TABLE II 





53-64 g. ferric phosphate per 














p = 2-24; log R = — 1-7156 
. . Time of ‘ log S 
Conc. of ; : log S 
rata Cars log C setting, 0 calcu- 
KCI (C) (secs. ) found lated 
0-36 N — 0-4437 512 ~2-7093 | —2-7095 
| 
0-33 — 0 +4815 640 2-8062 | —2-7942 
0-30 — 0-5229 780 —2-8921 | —2-8869 
| 
0-24 — 0-6198 1138 —3-0562 | —3-1039 
} 
0-21 — 0 -6778 1612 —3-2073 | —3-2339 
0-15 | —0-8289 3240 —3-5105 | —3-5611 
0-12 | — 0-9208 6000 —3-7782 — 3-7782 











Sol. III.—Concentration of the sol = 62- 
3c.c. of the sol were set with different 


litre. 


the total volume was 5c.c. 


92g. ferric phosphate pert 
amounts of 1-5N KCl, and 
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TABLE III 
p = 3-259; log R = — 1-8935 

| Time of log S 
: ime o ; og § 
: <1 5 | log C — 6 Pe — 

| 
0-54. N | - 0 +2676 | 523 | ~ 23-7185 | ~— 2-7656 
o-c1 | —o-2024 | 02 | —2-8463 | —2-8465 
0-45 -0-3468 | 1020 _3-0086 | —3-0237 
0-42 | —0-3768 | 1880 — 3-1399 | -3+1215 
0-39 | —0-4089 | 1680 ~ 3 +2253 | 3-2261 
0-36 =| —0-4437 2100 -3+3222 | —3-3395 
0-33 0-4815 | 2880 _3-4504 | —3-4627 
0-30 | —0-5229 | 3960 ~ 3 +5977 - 3-5976 
0-27 - 0 +5686 | 5580 _ 37466 3 +7466 





Sol IV.—Concentration of the sol = 93-82g. ferric phosphate per 
litre. 3c.c. of the sol were set with different amounts of N KCl, and the 
total volume was 5 c.c. 

TABLE IV 


p=4-290; log R = 0-593 











" Time of ms log S 

Ka iC) | log Cf aetting, | otha | cau 

0-20 N 0 +6990 255 | —2-4065 ~ 2+4060 
0-18 0-7447 360 — 2-5563 — 2 +6017 
0-16 — 0 +7959 660 — 2-8195 — 2-8214 
0-14 — 0 +8539 1140 — 3-0569 — 3-0702 
0-12 , —0-9208 2280 —3-3579 — 3-+3572 
0-10 | ~ 1-0000 | 6180 _~3-7910 | —3.6970 











Thus it will be seen from all these tables that the calculated values of 
log S are in fair agreement with the observed values. So long as the sol is 
capable of setting to a jelly, the relation between the concentration of electro- 
lyte and the time of setting of the jelly is given by the proposed expression, 
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In one paper, we have already discussed how the constant / and log R vary 
with respect to the concentration of the sol, and there we have observed that 
though these jelly-forming sols may behave normally towards the dilution 
effect when coagulation is studied, yet their behaviour is abnormal as regards 
jelly formation. ‘To set a dilute sol in a particular time, more electrolyte is 
necessary than to set a concentrated sol. In this paper, we shall make an 
attempt to see how the constants f and log R vary with reference to the 
temperature effect. 


In one of the papers, Dhar and Prakash*t have shown that the sols of 
ferric hydroxide, stannic hydroxide, zirconium hydroxide, aluminium 
hydroxide and chromium hydroxide require smaller quantities of electrolytes 
when coagulated at higher temperature. On the other hand, sols of gamboge, 
gum dammar and mastic become more stable towards coagulation at higher 
temperatures. The stability of the latter sols is due to the hydrolysis at 
higher temperatures. In another publication, Prakash’ has observed that 
almost all the inorganic jellies like zirconium hydroxide, zirconium molybdate, 
zirconium borate, thorium phosphate, chromium arsenate, stannic arsenate, 
stannic phosphate and stannic tungstate set more readily at higher 
temperatures, whereas, the jellies of thorium arsenate, vanadium pentoxide 
and mercuri-sulphosalicylic acid are exceptions and they do not set above 
60°. The temperature effect on jelly formation has an importance, because it 
is with regards to this, that the inorganic and organic jellies differ so much. 
In this paper, we shall communicate our results with ferric phosphate, 
ferric arsenate, aluminium hydroxide and zirconium hydroxide sols. 


The sols of ferric arsenate and phosphate were prepared as usual by 
Holmes method, by adding potassium arsenate and phosphate to an excess 
of ferric chloride solution and then dialysing. Zirconium hydroxide was 
prepared by dialysing 10% solution of zirconium nitrate and aluminium 
hydroxide sol was obtained by peptising well washed aluminium hydroxide 
with minimum amount of acetic acid and then subjecting to dialysis. The 
jellies were set at different temperatures in thermostats, and their setting 
time noted for the various concentrations of electrolytes added. On the basis 
of these observations, the values of » and log R have been calculated. We 
shall feel satisfied in giving three observation readings out of many in each 
case which would suffice to give the values of the above constants. 


Ferric phosphate jelly.—Concentration of the sol = 93-82 g. ferric phos- 
phate per litre. 3-5c.c. of the sol were mixed with different concentrations 
of N-KCl and the total volume was made 5 c.c. in each case. 
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TABLE V 
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Time 
ime of 
Conc. of 





Values of p and log R 














One. ¢ log C | setting, 0 log $ 08 Pam 
KCl (C) | (secs.) calculated 
| 
Temperature 35° 
(1) O14 N | 0 +8539 360 | -2-5563 | From (1) and (2)— 
| p=4-458; log R= 1-2506 
(2)0-09 | —1-0458 | 2580 $-4116 | From (1) and (3)— 
p= 4-444; log R= 1-2391 
| | | 
(3) 0-08 | —1-0969 | 4820 3-6355 | Mean— 
| p=4-451; log R= 1-2448 
Temperature 45° 
(1) 0-10 N 1 -0000 | 365 — 2 -5623 From (1) and (2)— 
| p= 4-543; log R= 1-9807 
| 
(2) 0-09 ~1-0458 | 590 —2-7709 | From (1) and (3)— 
| p= 4-829; log R= 1-7667 
(3) 0-08 -1-0969 | 960 2 -9823 Mean— 
| p = 4-486; log R= 1-8737 
Temperature 55° 
(1) 0-08 N | 1 -0969 220 { - 2 -3424 | From (1) and (3)— 
| | | p= 4-216; log R= 2-2821 
| | 
(2)0-07 | —1-1549 | 360 —2-5563 | From (2) and (3) 
| | | p= 4-341; log R= 2-4571 
(3) 0-04 | — 1-3979 4080 | ~3-6107 Mean— 
| | p= 4-278; log R= 2-3696 





The results of this table may be summarised as below: 


TABLE VI 





Temperature | log R 
35° 1 +2448 
45° L-8737 
55° | 2 +3696 


Pp 





These results show that the value of log R increases and that of p slightly 


decreases with the rise of temperature. 


Ferric arsenate jelly.—Concentration of the sol = 84-56 g. ferric arsenate 


per litre. 


and the total volume was made 5-c.c. 


3c.c. of the sol were mixed with different amounts of N/2 KCl 
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TABLE VII 


| ) | | 
Time of | 

















Conc. of | ee _< Values of p and log R 
KCI (C) log C | setting, 6 | log S | calculated 
(secs.) | 
Temperature 35° 
(i) @-17 N | 0-7696 | 677 2 «8306 From (1) and (3)— 
| p= 4-769; log R = 0-8350 
(2) 0-16 | ~ 0 +7959 920 | - 2-9638 From (2) and (3)— 
p= 4-736; log R= 0-8046 
(3) 0-12 | —0-9208 3600 -3-5563 | Mean— 
| p= 4-752; log R= 0-8198 
Temperature 45° 
(1) O-13 N | 0-8861 | 505 2 -7033 From (1) and (3)— 
| p= 4-025; log R = 0-8631 
| | 
(2) 0-12 | —0-9208 690 —2-8388 | From (2) and (3)— 
| p= 4-049; log R= 0-8895 
(3) 0-075 | 1+1249 £620 - 3 6646 Mean— 
| p= 4-937 ; log R= 0-8763 
Temperature 55 
(1) 0-O9 N | —1-0458 102 |} —2-6042 From (1) and (3)— 
| p= 3-758; log R= 1-3259 
(2) 0-045— | 1 +3468 5520 | —3-7419 | From (1) and (2)— 
| p= 38-780; log R = 1-3489 
3) 0-040 1-3979 | 8460 | —3-9274 Mean— 
| p= 3-769: log R 1 +3374 





These results have been summarised in the following table : 


TABLE VIII 








Temperature log R | p 
35° | 0 +8198 4+752 
45° | 0 +8763 4-037 
55°C i«|:s«1-8874 3-769 





Aluminium hydroxide jelly.—Concentration of the sol = 20-00 g. Al,O; 
per litre. 4c.c. of the sol were taken and mixed with different amounts of 
N/2 KCl. The total volume was made 5c.¢, 
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TABLE IX 





Conc. of | | ‘Time “ 
Cr | | log C setting, 
KC1(C) | og sae toon 


. Values of p and log R 
log S calculated 





Temperature 35° 


(1) 0-06 N ; —1-2218 420 {| —2-6232 | From (1) and (2) — 


p= 3-97; log R= 2-2273 


(2) 0-045 -1-3468 | 1820 | —3-1206 


From (1) and (3) 
| | p= 3-58; log R 1-7508 
(3) 0-04 =| —1-3979 | 1800 | -3+2553 | From (1) and (4)— 
| | p=3-42; log R= 1-5553 
| 
(4) 0-030 | —1-5229 | 4500 | 3-6532 | Mean— 
| | | p= 3-65; log R= 1-8444 


Temperature 45 

(1) 0-05 N — 1-3010 240 - 2 -3802 From (1) and (3)-—- 
p= 3-585 ; log R = 2-2889 
From (2) and (3)— 
p= 3-690; log R 


(2) 0-045 | 8468 330 ~2-5185 


bo 
on 
cr 
iM 
e 

i“ 


(3) 0-025 -6021 2880 — 3-4594 Mean— 


p= 3-637; log R=: 





| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 


_ 


bo 
ia 
(=) 
@ 


Temperature 55 


(1) 0-085 N ) —1 4559 | 230 | - 2°3617 | From (1) and (2)— 
| | p= 3-675; log R= 2-9884 
| | | 
(2) 0-020 | —_ 1-6990 | 1800 | —38-+2553 | From (1) and (3)— 
| | | | p= 3-723; log R= 3-0582 
(3) 0-015 1+8239 | 5400 | — 3-7324 | Mean— 
| | | | p= 3-699; log R= 38-0233 





These results on aluminium hydroxide sol have been summarised in the 
following table : 


TABLE X 








Temperature | log R | p 
35° | 1 -8444 3-656 
45° 2 -3681 3-637 
55° 3 0233 | 3-699 





These values show that as the temperature increases, the values of log R 
increase, whereas » appears to be independent of the temperature. 
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Zirconium hydroxide jelly.—Concentration of the sol = 30-84 g. ZrO, 
per litre. 4c.c. of the sol were mixed with different amounts of N-KCl and 
the total volume was made 6 c.c. 


TABLE XI 














| | 
: Time of , 
Conc. of | -" shinies o& Values of p and log R 
ECIic) | log ¢ ™ cxang, 0 log S calculated 
(secs.) 
Temperature 35 
(1) 0-233 N , 0-6326 | 1050 - 3-0212 From (1) and (2)— 
| | p= 4-560; log R= — 0-1366 
| 
(2) 0-200 | 0 -6990 2100 3-3222 | From (1) and (3)— 
| p= 4-625; log R= — 0-0954 
(3) 0-183 | 0-7375 | 3180 3-5024 | Mean— 
| | p= 4-592; log R= — 0-1160 
Temperature 45° 
(1) 0-216 N —0-6655 | 480 } - 2 -6812 From (1) and (3) 
| p= 3-874; log R= — 0-1034 
(2) 0-183 -0-7375 900 2 -9542 From (2) and (3)— 
p= 3-904; log R= — 00-0753 
(3) 0-116 —~ 0 -9355 5340 H 3°7275 Mean— 
| p = 3-889; log R= — 0-0893 








Temperature 55° 
(1) 0-183 N 

p= 3-633 ; log R = 0-2022 
960 | 2 -9823 From (1) and (8)— 


-0-7375 | 300 | -2-4771 | From (1) and (2)— 
| 
| p = 3-734; log R= 0-2746 
| 


eo 


+4594 Mean— 


p= 3-683 ; log R= 0-2384 


| 
| 
| 
| 
| | 
(3) 0-100 | -0000 | 2880 = 





These results (see Graph) have been summarised in the following 
table : 


TABLE XII 








| 
Temperature | log R p 
35° | — 0-1160 4-592 
45) — 0-0893 3-889 
55° -+- 0 +2384 3-683 
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—-4:00 + 


—3:80 + 


—-3: 60} 


—> log S 
~~ 


—3-00}+ 


—2:80/ 


—2-60 be 











—2-40 1 sift j j i ! 
-055 -0-65 -0O:75 —0-85 —0-95 —105 —1-15 
— > log C 





Influence of temperature on the setting of zirconium hydroxide jelly (Table XI). 


It will be seen from Table XII, that the value of log R increases and the 
value of p decreases as the temperature increases. 


Discussion 


From the results recorded in the previous tables, it will be seen that in 
the case of ferric phosphate, ferric arsenate and zirconium hydroxide, the 
values of log R are increasing with the rise of temperature and so is the case 
with aluminium hydroxide jellies also. In the first three cases, the values 
of p are slightly decreasing with respect to temperature, whilst in the case of 
aluminium hydroxide, p appears to be independent of it. 

The authors have assumed that the process of jelly formation is very 
much similar to the process of coagulation, and therefore, two definite stages 
in the course of gelation ought to be conceived. By the addition of an 
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electrolyte, the €-potential should fall to a critical value before the process of 
gelation starts. ‘The initiation of the gelation process includes the beginning 
of the charge neutralisation and subsequent development of surficial hydra- 
tion. When once started the gelation then proceeds continuously with the 
time. ‘This stage corresponds to the stage of slow coagulation, and we shall 
call it the stage of “‘ continuous gelation’. Prakash® has shown that during 
this stage, the viscosity of the sol increases according to the following 
Prakash's equation : 
m = Noe, 


where 79 is the viscosity at any initial time 7, and 7» the viscosity after the 
time ¢, 4 is the hydration constant depending upcn the thickness of the 
hydrated layer. It has been shown by the author that in the case of all 
jellies obtained by slow coagulation, this expressicn is always followed 
within a particular range of jelly formaticn. We are not concerned here with 
the exact mechanism of hydration. In the present series of investigations, 
we are investigating the rate at which this hydration is developed. 
From our results, we can definitely say, that this speed of hydration is related 
in some way to the concentration of the coagulating electrolyte. 


Within the region of “ continuous gelation ’’, the speed with which 
hydration develeps appears to be associated with the concentration of the 
coagulating ion in the following way : 

H =R:C 


where H is the speed of hydration, R the proportionality constant and p the 
index of concentration C of the coagulating ion. This equation, though of 
the same form as the Freundlich’s adsorption equation, is yet not identical 
with it, because the course of hydration depends on many other factors, 
besides adsorption of the oppositely charged ion. 


The last stage of jelly formation corresponds to the stage of rapid coagu- 
lation, and we call it the period of “ rapid or structural gelation ’’, corres- 
ponding to the rapid or sudden structural increase in the viscosity. Similar 
to the rapid coagulation, this period is also independent of the concentra- 
tion of the coagulating ion. If we assume, that irrespective of the 
concentration of electrolyte, the jellies develop the same texture in all 
cases by the time they set, this last stage can be eliminated in studying the 
relation of the setting time with the concentration of the electrolyte. This 
assumption is not true with very high concentrations of electrolytes where 
the jellies are formed almost instantaneously and exhibit marked syneresis. 
Such rapidly formed jellies have an altogether different texture. 
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The total setting time of a jelly is equal to the time of continuous hydra- 
tion plus the time of rapid gelation. ‘The rate of jelly formation, S, may be 
taken to be an inverse of the setting time. ‘Thus we can write 


S = 1/0 = R-C+ «, 


where a is a constant for rapid gelation 


Fe s=R-0[1+ ae] 


Thus, log $ = | =. 
Thus, log S = log R+ plogC + log [1 ojo ace | 


= log R+ plogC+ nce (neglecting the higher terms 


of the expansion). 


The period of the rapid gelation is very small, and therefore, the third 
term on the right-hand side may be neglected, and therefore, the expression 
for the slowly formed jellies is: 


logS = log R + p log C. 


We shall say, that in this expression, R is the speed constant and # is 
the “ jelly-characteristic’’. So long as the characteristic nature of the jelly 
is not changed, the value of would remain the same. It appears that in 
ideal cases, the temperature will have no influence on the texture of the jelly, 
and then the values of would remain constant. The higher the temperature, 
the greater would be the rate of coagulation and consequently the greater 


will be the speed of gelation too, and therefore, the values of log R will 
continuously increase. 


The present authors have, however, also shown that a jelly obtained at 
higher temperatures is not exactly similar to the jelly obtained at the lower 
temperature. The higher temperature jelly is more opalescent, and some- 
times more loose in texture. Prakash’? has shown that the jellies exhibit 
more syneresis at higher temperatures. This would explain why the “ jelly- 
characteristic ’’ slightly decreases in some cases at the higher temperature. 


It is difficult to work out quantitatively how the values of R ought to 
vary with respect to temperature. It all depends how the temperature 
influences the following factors: the velocity of coagulation, the surface 
activity of the particle, the hydration tendency, the network development, 
and the hydrolysis of the substances concerned. It will be seen that the 


substances like ferric arsenate or ferric phosphate undergo marked hydrolysis 
at higher temperatures. 
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Summary 


In continuation with the previous work, the authors have studied the 
kinetics of sol-gel transformation with reference to the concentration of the 
coagulating electrolyte. Differently prepared samples of ferric phosphate show 
that in every case where a jelly is formed, the equation log S =log R +/ log C 
is applicable during the period of slow gelation, where S is the rate of jelly 
formation, C the concentration of electrolyte, p the jelly-characteristic, and 
R the rate constant. The authors have studied the influence of temperature 
on the rate of setting of fertic arsenate, ferric phosphate, aluminium hydroxide 
and zircenium hydroxide jellies, and they have found that the value of R 
increases as the temperature is increased, whereas, the value of # shows only 
a very slight decrease. It is expected that so long as the jelly is not charac- 
teristically changed in texture, the value of p ought to remain constant, but 
in most cases, the texture also undergoes some variation as the temperature 
is increased (the jelly becomes opalescent and more synerising), the constant 
slightly decreases. 
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Introduction 


In the last three papers! on the subject, it has been shown that when a jelly 
is obtained by the slow coagulation of a sol by an electrolyte, the expression 
log S = log R + p log C is applicable where S is the rate of slow gelation and 
is equal to 1/8, @ being the setting time of the jelly, C is the concentration 
of the electrolyte, p the “ jelly-characteristic’’’ and R a constant. We have 
also discussed, how the constants log R and # vary with respect to dilution 
and temperature of the sol. In the present paper, we shall communicate our 
results concerning the kinetics with respect to the purity of the sol. 


Dhar and collaborators in an extensive series of papers have investigated 
the coagulation and viscosities of a number of sols with respect to purity. 
Dhar and Gore? have shown with several hydroxide sols of different degrees 
of purity that the ratio of the precipitating concentrations of uni-, bi- and 
tri-valent ions decreases considerably as the purity of the sol increases. The 
same behaviour is also observed with the increase of temperature at which 
the coagulation is affected. They have also shown with sols of ferric, 
chromic, aluminium, zirconium and thorium hydroxides of different degrees 
of purity that the viscosities of these sols increase with purity even when 
their concentrations are practically constant. When these sols are very pure 
and the amount of adsorbed electrolyte very small, their viscosities are 
enormously increased. It appears thus that the purity of the sol in a parti- 
cular group of sols is associated with hydration and viscosity. 


Ahobalacharya and Dhar® prepared highly concentrated sols of vanadium 
pentoxide, silicic acid and molybdic acid and studied the influence of purity 
on coagulation and viscosity of these sols and obtained similar results. 
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Experimental 


The sols of ferric arsenate and phosphate were prepared by the Holmes! 
method and put to dialysis. As soon as the sol on purification began to give 
jelly, the samples were taken out from time to time with the progressive 
dialysis. With sols of different purity, the setting times were recorded with 
varying concentrations of potassium chloride and potassium sulphate and 
from the readings, the values of and log R were calculated. Similar experi- 
ments were done by taking a pure sol and making it impure by adding external 
impurities like hydrochloric acid or ferric chloride. The purity of sols has 
been determined by the quantitative analysis of Fe+++ and Cl ions in the sol 
and has been represented as the ratio Fe (gram atom): Cl (gram atom). 


Ferric phosphate sol.—Four different samples of the sol were taken out 
during the course of dialysis. The purity and concentrations of the sols are 
given in the following table and in the last column are given the concentra- 
tions of potassium chloride solution of which the varying amounts were 
added to 3 c.c. of the sol in order to set jellies. The total volume was 
kept at 5 c.c. 


TABLE I 














Concentration Pee by 
Samples | (grams ferric pon — - 
phosphate /litre) si ” 
| 
{ 
I 53 -64 ee a Rit 1-5N 
3d +*O 00453 ie ‘oO. 
0°-3178 
54-48 ern — Site. | -ON 
iI 4-48 0 -0372 ite 1-ON 
III 58-88 Oe as 550 | N/2 
»! é 00281 = “6 | NIG 
: in 0 +3168 m 
DD -60 | ja 
LV 0°44 020217 14-60 | N/d 
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TABLE II 





| : 
Conc. of | Time of 
KC1(C) | log ¢ — 
} : Se 


log S= Values of p and log R 
-log 8 calculated 





Sample I 








(1) 0-360 N — 0 +4437 | 512 | ~—2-°7093 From (1) and (3)— 
| p= 2-10; log R -1°7775 
(2) 0-300 - 0 +5229 780 | 2-8921 | From (2) and (3) 
| | p= 2-05; log R= — 1-8202 
(3) 0-150 - 0 -8239 3240 | 3 +5105 Mean— 
p= 2:07; log R= — 1-7988 
Sample II 
(1)0-16N | —Q-7959 696 | -—-2-8426 From (1) and (3)— 
| p= 2-57; log R= — 0-7971 
(2) 0°12 ~ 0 +9208 1470 3 +1673 From (2) and (3)— 
p= 2-55; log R= — 0-8193 
(3) 0-07 — 1-1549 5820 — 3-7649 Mean— 
p= 2-56; log R= — 0-8082 





Sample III 





(1) 0-08 N | ~1-0969 487 | —2-6875 | From (1) and (3)— 
| p= 2-956; log R= 0-+5549 
(2) 0-06 i —1-2218 1138 | — 3 -0562 From (2) and (3)— 
| | | p= 2-960; log R= 0-5603 
| | 
| } 
(3) 0-04 | ~ 1-3979 3780 | -3°5775 | Mean— 
| | p= 2-958; log R= 0:5576 
Sample IV 
(1) 0-028 N — 1-5528 674 2-5287 {| From (1) and (3)— 
p= 8-23; log R= 2-1868 
(2) 0-024 1 -6198 1127 ~3-0519 From (2) and (3)— 
p=3-21; log R= 2-1476 
(3) 0-014 — 1-8539 6360 ~ 3 +8035 Mean— 
p= 3-22; log R= 2-1672 
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Experiments with KCl on the Purity of Ferric Phosphate Sol (Table II). 


The results on this sol (see Fig. 1) are summarised in the following 
table : 


TABLE III 





Purity of | 








the sol p log R 
Fe/Cl 
7-01 | 2-07 11-7988 
8-54 | 2-56 0 -8082 
11-64 | 2-958 0 +5576 
14-60 | 3-22 2 +1672 
|. 





From these results, it will be seen that as the purity of the sol increases, the 
values of log R markedly increase. # also increases. 


The same four samples of the ferric phosphate sol were set to jellies 
by the addition of different amounts of N/20 potassium sulphate solution 
from which the bivalent ion is effective. These results are recorded in 
Table IV. 
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TABLE IV 
Conc. of | ton f) | —_— of — | Values of p and log R 
K,SO, (C) | ea as ng — | calculated 
2 | (secs. ) 
Sample I 
(1) 0-O110N; —1-9586 | 556 -- 2-7451 From (1) and (3)— 
p= 8°87; log R= 14-6277 
(2) 0-0100 - 2-0000 1285 —3-1089 From (2) and (3)— 
| p= 8-94; log R= 14-7711 
(3) 0-0090 2 -0458 3300 | -3-5185 Mean— 
| p=8-90; log R= 14-6994 
Sample I] 
(1) 0-0095 N - 2 -0223 260 =| 2 -4150 From (1) and (3)— 
p= 8-38; log R= 14-5318 
| 
(2) 0-0090 2 -0458 414 2 +6170 From (2) and (3)— 
p= 8-33; log R= 14-4245 
(3) 0-0070 — 2-1549 3360 | - 3 +5263 Mean— 
| p= 8-35; log R= 14-4781 











Sample [11 








(1) 0-0070 N 2+1549 370 -2-5682 | From (1) and (3)— 
p= 7-62; log R= 13-8524 

(2) 0 -0065 —2-1871 | 642 2-8075 | From (2) and (3)-— 

| p= 7-67; log R= 13-9674 
(3) 0-0050 2.3010 | 4800 —3-6812 | Mean— 

| p= 7°64; log R= 13-9099 

Sample IV 

(1) 0-0050N}| —2-3010 {| 372 | —2-5705 | From (1) and (3)— 

| ‘ p= 6-12; log R= 11-5116 
(2) 0-0040 -2-3979 | 1440 —3-+1584 | From (1) and (2)— ‘ 

| | p= 6-06; log R= 11-3735 
(3) 0 -0033 — 2-4815 | 4740 —3-6758 | Mean— 





p= 6-09; log R= 11-4425 
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Experiments with K,SO, on the Purity of Ferric Phosphate Sol (Table IV). 


These results (see Fig. 2) are summarised in the following table : 








TABLE V 
Purity 
Fe/Cl | P | log R 
7-01 8-90 | 14-6994 
8-54 8-35 | 14-4781 
| 
11-64 7-64 | 13-9099 
14-60 6-09 | 11-4485 








From these results, it will be seen, that contrary to the observations 
with potassium chloride, when jellies are formed with potassium sulphate, 
the values of # aud log R both show a slight decrease as the sol gets on purer. 
We shall discuss these results afterwards. 


The following experiments have been done by taking pure ferric phos- 
phate sol and making it impure by adding impurities from outside. The 
volume of the sol taken was 70c.c. in each case and after adding hydro- 
chloric acid solutions as impurity in different amounts, the total volume was 
made 80 c.c. by adding water. The sols were allowed to stand for sometime 
to ensure equilibrium. 3c.c. of the impure sol thus obtained were used in 
each experiment of setting the jelly and the total volume was made 5c.c. 
The values have been summarised in the following tables. 











Dake nah es Ure 








Concentration of the sol = 66-92 g. ferric phosphate per litre. 
of the sol Fe/Cl = 0-1810/0-0560 
hydrochloric acid were added as impurity. 
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= 3-23. 


~ 
/ 


Purity 


Different amounts of 0-9177 N 
Experiments have been done 
with both potassium chloride and potassium sulphate as setting electrolytes, 








TABLE VI 
| | 
Impurity | Conc. of | Time of | Mean values | Mean values 
added in electro- setting of p of log R 
C0. lyte | (sees. ) (cale.) (cale.) 
With KCl 
0:72. N 908 | | 
2-0 0-52 2160 | 2-72 | — 2.5645 
0-40 1440 | | 
0-54 1103 
1-5 | 0-39 2760 2-8] 2 +2905 
| 0°38 4380 
| 0-32 1320 
1-0 | 0-30 1680 3-63 | 1 -3236 
0-26 2820 
0-19 1620 
0-5 0-1 1980 3 +56 | — 0-6422 
0-15 3780 
0-15 890 
0-0 0-14 1140 3-64 0 -0539 
0-10 3900 
ith KySO, 
0-0175 N 532 | 
2-0 0-0155 2640 13-14 | 20-3610 
0 -0152 3360 
0-0150 1440 
1-5 0 -0142 2940 13-01 20 -5796 
0-0188 1260 
0-0118 954 
0-5 0-0108 3120 13-38 | 22 -8261 
0 -0106 1020 | 
0-0103 670 
0-0 0 -0100 935 11-19 19-4098 
0 -0088 3900 























ios) 
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The above results show that when the jelly is set with potassium chloride, 
the values of # and log R decrease, with the increase of impurity. More- 
over, it seems that the value of # is not affected with slight changes in the 
impurity. But when the jellies are set with potassium chloride, within the 
range of the concentration of hydrochloric acid studied, there is not much 
change in the values of p and log R both, the only perceptible change being 
in the first addition of the impurity. 


Ferric arsenate sol.—To an excess of ferric chloride solution was added 
potassjum dihydrogen arsenate solution, short of precipitation. ‘The clear 
sol was then allowed to dialyse, and different samples were taken out of it 
during the progressive dialysis, and they were analysed for purity. The 
setting of the sol was afiected by adding potassium chloride or potassium 
sulphate solution. The following table gives the description of the samples, 
and the concentration of the electrolytes used for setting. 


TABLE VII 





Concentration 











{ 








| 
aw | (grams ferric | Purity Conc. of Conc. of 
eet mae arsenate Fe/Cl KCl K,SO, 
| per litre) 
~ 
| 0-2690 . 
-S 45-60 | 2aetis i ¢ & N/10 
| | 0 -0623 
| 0 -3160 + . 
Wu | s3-22 | C3 4.94 | 1-5N N/10 
| | 0-602 
| | 0 -3140 : 
| 54-92 [See eae Akal ON T/ 
Ill | 54-92 | 20630 4-98 1-0 N N/10 
| 
0 -3586 = . 
IV | 60 +52 | po Bete = 5-82 O-5N N/20 
U-O616 





For the setting of jellies, 3¢.c. of the sol were taken and mixed with 
different concentrations of electrolytes and the total volume was kept at 
5c.c. The time of setting was observed in seconds. 























= 
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TABLE VIII 
Conc. of log C ——- | — Values of p and log R 
KCI (C) S py ralaien ee 5° calculated 
(secs. ) | 
| 
Sample I 
(1) 0-80 N | 0 -0969 867 | -2-9380 | From (1) and (3)— 
| p=3-45; log R= — 2-6045 
(2) 0-76 0-1192 | 1028 3 -0120 | From (2) and (3)— 
| p= 3-46; log R= — 2-+5996 
i 
(3) 0-52 0-2840 | 3840 3-5843 | Mean— 
p= 3-455; log R= — 2-6020 
Sample I1 
(1) 0-48 N | 00-3188 619 { ~2-7917 | From (1) and (3)— 
| | | p=3-60; log R= — 1-6440 
(2) 0°39 | 0-4089 1320 3 +1206 From (2) and (3)— 
| | | p=3-57; log R=— 1-6608 
| | | | 
(3) 0-27 | 0-5686 | 4920 | 3-6920 | Mean— 
| | p=3-58; log R= — 1-6524 
Sample ITl 
(1) 0-30 N | 0-5229 | 882 |} —2-9455 From (1) and (3)— 
p=3-81; log R= — 0-9538 
(2) 0-22 0 -6576 | 2880 | —3-4594 From (2) and (3)— 
| | p= 3-76; log R= — 0-9868 
(3) 0-20 - 0 -6990 | 4140 | 3 +6170 Mean— 
p= 3-785; log R= — 0:97038 
Sample IV 
(1) 0-15 N - 0 -8239 720 2°8573 | From (1) and (3)— 
| p= 4-61; log R= 11-0745 
(2) 0-18 | 00-8861 1500 $-1761 From (2) and (3)— 
} } Pp 1-57; log R= 1-0327 
(3) 0-10 L -0000 5580 ~ 3-7466 Mean— 
p= 4-59; log R= 1-0536 
ii iw 
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TABLE IX 


Experiments with Potassium Sulphate 








Time of 





Conc. of CI seri ete .< Values of p and log C 
K,SO, log ( rat log S calculated 
- (secs.) 
Sample 1 
(1) 0-0276 N 1-5591 1200 { 3 +0792 From (1) and (2)— 
| | | p= 20-27; log R= 28-5237 
| 
(2) 0-0260 | - 1 +5850 4020 | —3-6042 | From (1) and (3)— 
| p = 20-266; log R = 28-5175 
(3) 0-0256 | — 1-5918 5520 | 3-+7419 Mean— 
p = 20-268; log R = 28-5206 
Sample II 
‘1) 0-0264 N —1-5784 | 610 | —2-7853 From (1) and (3)— 
| | p= 19-44; log R= 27-8987 
(2) 0-0260 - 1-5850 827 2-9175 From (2) and (3)— 
| p= 19-30; log R = 27-6730 
| 
(3) 0-0244 1 -6126 2820 3 +4502 Mean— 
| p = 19-37; log R = 27-7858 
Sample III 
(1) 0-0240 N 1-6198 | 62% . 2-7945 From (1) and (3)— 
| | p= 16-35; log R= 24-1991 
(2) 0-0236 — 1-6271 822 | —2-9149 From (2) and (3)— 
p= 16-93; log R = 24-6319 
| 
(3) 0-0220 | 1 -6576 2700 |} —3-4314 Mean— 
| | p= 16-89; log R= 24-5655 
Sample IV 
(1) 0-0190 NN} —1-7212 1020 —3-0086 | From (1) and (3)— 
p= 15-24; log R= 23-2225 
(2) 0-0185 1 -7328 1560 3-1931 From (2) and (3)— ; 
p= 15-04; log R= 22-8682 
(3) 0-0170 1 -7696 5580 — 3-7466 Mean— 
p= 15-14; log R= 28-0453 
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These results with potassium chloride and potassium sulphate have been 
summarised in the following table : 




















TABLE X 
| With KCI With K,SO, 
Purity of | 
the sol | 
Fe/Cl | p log R p | log R 
| a | 
4-32 3-455 | —2-6020 | 20-268 28 +5206 
| 
4-84 3-580 | —1-6524 | 19-37 27 -7858 
4-98 3-785 | ~0-9703 | 16-89 24-5655 
| | 
5-82 | 4-590 | 1 -0536 | 15-14 23-0453 
' | 





From these results, it will be seen, that when the setting of jelly is 
affected with potassium chloride, the values of p and log R both show an 
increase with respect to the purity of the sol. But the sol purified to the same 
extent brings out comparatively much less variations in these constants when 
setting is done with potassium sulphate ; nevertheless, there is a decrease in 
the values of p and log R. 

The following experiments have been done by making 75 c.c. of the ferric 
arsenate sol impure by adding hydrochloric acid or ferric chloride in varying 
concentrations and keeping the total volume 85 c¢.c. The concentra- 
tion of the sol was 50-96 g. ferric arsenate per litre and its purity, Fe/Cl was 
0-3155/0-0366, 7.¢., 8-62. 

For each setting of the jelly, 3 c.c. of the sol thus impurified were taken 
and mixed with either potassium chloride or potassium sulphate and the 
kinetics studied. The results are recorded in the following tables: 








342 Hira Lal Dube 


TABLE XI 
With Hydrochloric Acid as Impunity 


0-3527 N HCl was used. The quantities added refer to 85 c.c. total volume. 





| 





Impurity Conc. of Time of | Mean values | Mean values 
added in electro- setting of p of log R 
c.Cc. lyte (secs. ) (cale.) (calc.) 

With KCl 
0:72 N 2220 
10-0 0-68 2640 3°18 — 2-8904 

0-56 4920 
0-40 1464 

7-5 0-32 3120 3°38 — 1-8194 
0-31 3480 
0 -26 680 | 

5-0 0-24 893 3-58 — 00-7323 
0-15 4860 
0-10 418 

2-5 0-06 3000 3°84 1 +2232 
0-05 6000 
0-044 580 

0-0 0-032 2280 4-26 3 -0146 
0-024 7560 











With K,SO, 


0-026 N 322 

10-0 0-025 528 | 12-58 17 -4396 
0-021 4740 | 
0 -0160 1012 

5-0 0-0145 3480 12-61 19 -6410 
0-0148 4200 
0-0108 1140 

2-5 0-0105 1680 14-42 25 -3060 
0-0100 8420 
0-0078 2100 

0-0 0 -0075 2760 7-05 11-5497 
0 -0070 4500 

















It will be seen from these results that when the setting with potassium 
chloride is studied, the values of p and log R increase as the impurity decreases. 
But when the setting is done with potassium sulphate, the first addition 
of the impurities enhances markedly the values of the constants, and then 
the further addition again brings about a decrease. These results are explain- 
able on the basis of ionic antagonism and the preferential tendencies of the 
adsorption of one or the other ions. 
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TABLE XII 
With Ferric Chloride as Impurity 
1-0776 N ferric chloride solution was mixed. 
Impurity | Conc. of Time of | Mean values| Mean values 
added in | electro- setting of p of log R 
C.C. | lyte (secs.) (calc.) (calc.) 
With KCl 
0-80 N 104400 
7-0 0-68 | 151200 2.29 — 4-7970 
0-64 174600 
0-80 11520 
2°0 0-76 13320 2-95 -~ 3°7736 
0-64 22200 
0-57 1417 
3-0 0-51 | 2040 3-34 2 -3331 
0-405 1440 
| O-ll 646 
1-0 | 0-10 960 1-06 1 -0795 
0-07 4080 
0-044 580 
0-0 0 -032 2280 4-26 3 -0146 
0-024 7560 
With K,SO, 
0-052 N 180 | 
7-0 0-048 493 12-56 13-8715 
0 -042 2640 
0-024 1100 
3-0 0 -022 3480 13-21 18 -3642 
0-021 6420 
0-0124 1500 
1-0 0 -0120 2400 14-05 23 -6184 
0-0114 4920 
0 -0078 2100 
0-0 0 -0075 2760 7-05 11-5497 
0 -0070 £500 
These results show that when setting is affected with potassium chloride, 
the values of # and log R both decrease as the concentration of the impurity 
increases in the sol. But when potassium sulphate is used, there is an increase 
: in the first addition and then continuous decrease in the values of constants 





with respect to the increase in the concentration of the impurity in the sol. 
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Discussion 


When a sol as of ferric arsenate or phosphate is obtained metathetically 
by mixing a precipitant to the solution of another substance kept in excess, 
it is not pure, because it contains along with the substance peptised other 
products of the reaction. Formation of ferric phosphate sol, for example, 
may be represented as follows: 

FeCl, + KH,PO, = FePO, + 2 HCl + KCl. 
In dilute solutions, a part of ferric phosphate is also hydrolysed to give 
hydrous ferric hydroxide : 

2 FePO, + 3H,O [ Fe,0, + 21, PO,. 

Moreover, according to the acidity of the medium, besides the neutral phos- 
phate, acid ferric phosphates are also obtained. ‘Thus in the whole system, 
the following equilibrium is established : 

FePO, = Fe (H,PO,4)3 = Fe, (HPO,)3 = Fe.Os. 
The colloidal ferric phosphate is, thus, a complex preparation,the composition 
of which very much depends upon the amount of ferric chloride kept in 
excess, the dilution, the temperature and the extent of dialysis. Ferric 
chloride solution also contains free hydrochloric acid which also influ- 
ences the sol formation. 


The dialysis of such a complex mixture is also not a simple process. As 
we have seen, we are here dealing with a mixed colloidal phase, the components 
of which may have different tendencies towards the adsorption of various 
ions, and in the course of dialysis, their this differential behaviour might 
produce varying effects on the process of dialysis. The main stabilising ions 
are Fet++ and H*, while there may also be slight tendency of adsorbing other 
positively charged ions. The negatively charged ions, for example chloride, 
would exert the coagulating influence. 

The freshly prepared sol usually contains a sufficient excess of ferric 
chloride, the quantity of which goes on continuously decreasing as the 
dialysis proceeds. The chloride ions are also eliminated side by side. As 
the sol gets on pure, the ratio of total iron in the sol to the chloride content is 
increased. ‘The following stages in the sol with respect to dialysis are 
observed : 


(1) Fresh undialysed sol: very stable, coagulating only with strong 
concentrations of citrate and sulphate ions on standing for a long time; 
coagulum amorphous. 

(2) After a short term dialysis: coagulating with strong solutions of 
potassium sulphate but not with even saturated potassium chloride solution ; 
coagulum amorphous. 
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(3) On further dialysis: potassium chloride and potassium sulphate 
solutions both giving amorphous coagulum. 

(4) The next stage: potassium sulphate giving temporary gelatinous 
precipitate, turning to be amorphous (cf. von Weimern type precipitate) ; 
potassium chloride still giving amorphous coagulum. 

(5) Initial gelation stage: mono- and bivalent salts giving gelatinous 
precipitate or at lower concentrations giving opalescent jellies on standing 
for a long time. 

(6) Jelly forming stage: viscous sols giving stable transparent jellies. 

(7) The last stage: The sol sets to a stiff transparent jelly in the 
parchment bag. 

In the experiments recorded in this paper, we started taking samples 
for jelly formation from the sixth stage and proceeded practically to the last 
stage. The variations in the values of p and log R have been recorded in 
the foregoing tables. 


It is interesting to note, that as the sol gets purer during the process of 
dialysis, the rate of jelly formation with respect to the concentration of potas- 
sium chloride is very much influenced (the value of log R for ferric phosphate 
increases from — 1-79 to 2-16, 7.e., about 220%); but the same sol for all 
the corresponding conditions, when gelatinised with potassium sulphate 
showed almost a constant value,—even a slight decrease rather than an 
increase in the values of log R (the value of log R fell from 14-69 to 11-44, 
1.€., a decrease of about 22%). It is difficult to explain the increase of the 
value of log R—in one case, and decrease in the other. In most of the cases 
an increase should have been expected as the purity increases. 

A similar sort of abnormality is also exhibited when the sols were 
rendered impure by mixing from outside varying quantities of ferric 
chloride or hydrochloric acid. It appears that the first addition of impurity 
produces an appreciable change but the subsequent additions of impurities 
do not affect the values of log R when set with potassium sulphate. The 
peculiar jelly structure obtained with sulphate ions (the non-homogeneous 
jelly undergoing shrinkage and syneresis) is responsible for the anomalous 
decrease in the value of log R. 

In this connection, Dhar and co-workers have observed that when the 
sol is impure, the ratio between the KCl and K,SO, concentration necessary 
to coagulate it, is pretty high, but as the sol is purified by dialysis, the ratio 
goes on falling to a marked extent. This means that the sol is getting purer 
more with respect to KCl than with respect to K,SO,. 

Similar anomalous behaviour has been observed by Prakash‘ in case of 
zirconium molybdate and zirconium borate jellies. More transparent jellies 
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are obtained when coagulation is affected with potassium sulphate than with 
potassium chloride. From this also, it appears that a sol may be sufficiently 
pure for the coagulation affected with bivalent ions and still it may behave 
as a less pure sol towards the coagulation with monovalent ions. 


The values of / also increase along with the purity of the sol in the case 
of potassium chloride (the values of p in the case of ferric phosphate increase 
from 2-07 to 3-22, 7.e., about 60 per cent.) ; but in the case of potassium 
sulphate under similar conditions, the values of p decrease along with purity 
(the values decrease from 8-90 to 6-09, 7.e., about 32 per cent.). This shows 
that there is more change in the sol in the process of dialysis with respect 
to potassium chloride than with respect to potassium sulphate. Again, it is 
difficult to explain the decrease in the values of f, the jelly-characteristic, in 
the case of potassium sulphate. The variations in the value of p denote the 
characteristic modification in the structure. Prakash® has shown that 
sulphate formed jellies, though readily formed, undergo more shrinkage and 
syneresis. This shows that the chloride formed jellies and sulphate formed 
jellies are not identical. The two jellies show characteristic differences. 


Summary 


In continuation with his previous work, the author has studied the 
influence of purity on the setting of ferric arsenate and ferric phosphate 
jellies. As the purity of the sol increases, the values of p and log R of the 
equation log S =log R + # log C also increase when setting is done with 
potassium chloride, but the values decrease with potassium sulphate. The 
author has advanced the view that the jellies from the same sol but set with 
different electrolytes, are not identical. ‘They are characteristically different 
in texture. Similar results are obtained with the sols made impure by 
mixing with hydrochloric acid or ferric chloride as impurity. 

In the end, the author expresses his indebtedness to Dr. Satya Prakash, 
p.sc., for guidance in this work which forms a part of the thesis, approved 
by the University of Allahabad, for the D.Phil. degree. The author is also 
grateful to the Head of the Chemistry Department of the University for 
providing facilities for the work. 
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Ir is well known that all quantised field theories lead to divergent results in 
higher approximations. In the quantised theory of the charged meson 
field and its interaction with the heavy particles these divergences are even 
greater than they are in the quantum theory of the electron. This difference 
is due to two causes. First, the meson field has an interaction with heavy 
particles which, in addition to the nuclear charge g, which corresponds to the 
electric charge e, contains an explicit dipole moment g,. Secondly, the 
meson field may itself be electrically charged, so that electric charge may 
leave a heavy particle and transfer itself to the meson field or vice versa. As 
a result of recent work the position has become much clearer with regard 
to these divergences, and it is possible to distinguish the different causes 
leading to divergent results and to discuss each of them separately. 

In the quantum theory of the electron the second order perturbation 
of the energy due to-the interaction of the electron with the electromagnetic 
field is infinite, and this has usually been interpreted as the quantum mecha- 
nical equivalent of the classically infinite energy of a point charge. I believe 
that this interpretation must now be rejected, since the work of Dirac (1938) 
and Pryce (1938) has shown that a complete classical theory for point charge 
can be built up entirely free from all difficulties about infinite self-energies. 


The difficulties in the classical theory arise by first letting the charge 
occupy a certain finite volume and then considering a point charge as the 
limit of this distribution when the volume is made to tend to zero, the amount 
of charge inside the volume remaining constant. The work done against 
electrostatic forces in compressing a charge which was originally distributed 
over a finite volume into a point is naturally infinite. The usual infinite 
energy of the field surrounding a point charge is but another result of looking 
at a point charge in this way as the limit of a continuous distribution. This 
becomes clear at once if we consider the way in which the concept of field 
energy arises. By the use of Maxwell’s equations, the potential energy of 
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any non-singular distribution of charge can be transformed into an integral 
over the whole of space occupied by the field, and can hence be regarded as 
the energy of the field. But this transformation cannot be performed if point 
charges ave present from the beginning. 


There is, however, no reason why a point charge should be regarded as 
the limit of a finite distribution. One may simply regard the point charges 
in Nature as given. The only idea of energy which now has a _ physical 
meaning is the mutual energy of the point charges. Pryce (1938) has shown 
that it is possible in a relativistically invariant way to regard this potential 
energy as the energy of the field. The tensor giving the energy of the field 
at every point is now naturally different from the usual tensor. 


Another approach to the same problem is that of Dirac, and leads to 


the same result. When a point charge is present, one does not concern one- 


self with the total energy of the field, but with the way this energy changes. 
More precisely, one considers the rate at which energy flows out of a small 


tube surrounding the world line of the point charge. It is then found that 


those terms which become infinite when the radius of this tube is made to 
tend to zero are all perfect differentials, 7.e., that this singular flow of energy 
out of the tube can be regarded as the change of some quantity which depends 


only on the state of motion of the point charge. This quantity returns to 


its original value when the point charge returns to its original state of 
motion. ‘Thus, the singular part of the flow of energy out of the tube is 
reversible, and does not represent radiation in any real sense. Only for this 
Indeed, it can be 
shown that the new definition of field energy as given by Pryce leads at once 
to the classical equation of Dirac, and conversely, the 


leads to Pryce’s definition of field energy. 


reason can it be subtracted, as has been done by Dirac. 
equation of Dirac 


The great advantage of the classical equation of Dirac is that it may be 
regarded as exact, since it takes full account of the reaction of the emitted 
radiation on the motion of the point charge. 


This radiation reaction had already been derived by Lorentz by consider- 


ing a finite model of the electron. In this theory, as is well known, the 


term representing the electrostatic energy of the charge could be identified 


with the mass of the electron. ‘The ‘radius’ of the electron was, in fact, 


defined as that radius for which its electrostatic energy became equal to the 
observed mass. 


Besides the above two terms there were others in Lorentz’s 
theory which do not appear in the equation of Dirac since the electron is 
The difficulties in the way of the Lorentz model of the 
The idea of a rigid body is contrary to the theory 


treated as a point. 
electron are well known, 
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of relativity. To fix the shape of the body in a relativistically invariant 
way, one would have to introduce another field besides the electromagnetic 
field. Indeed, there is no reason in Lorentz’s theory of the electron why the 
charge should continue to remain in its initial configuration at all. ‘There 
are therefore great advantages in regarding the electron as a mathematical 
point charge. It is far simpler than any other rigorous solution of the 
problem. Moreover, what reasons there may once have been for regarding 
the mass of the electron as electromagnetic in origin have now completely 
disappeared since the discovery of the meson a particle of the same charge 
but nearly a hundred and seventy times the mass of the electron.* 

We may then sum up the position with regard to divergences in the 
quantum theory of the electron in the following way. The terms which 
should express the effects of the reaction cf radiation on the motion of the 
electron are absent in the quantum theory. The effect of these terms would 
be to diminish the motion of the electron, as they do in the classical theory, 
whenever the frequency becomes very high. The well-known divergences 
in the quantum theory are then to be attributed of to the fact that we are 
dealing with a point charge, but to the neglect in this theory of the effects of 
radiation reaction. ‘The reason for going into this point in such detail will 
appear presently. 

Coming now to the meson field and its interaction with heavy particles, 
we can consider each of the differences from the quantum theory of the 
electron separately. Let us consider first a neutral meson field. It ‘has 
already been proved (Bhabha, 1939) that the finite rest mass of the meson 
introduces no fundamental differences from Maxwell theory, either in the 
quantum or the classical treatment. It was shown there that we can at any 
stage let the meson mass p tend to zero and pass over mathematically to the 
Maxwell theory. The only differences introduced by the finite mass of the 
meson are for energies smaller than or comparable with yc? while for higher 
energies the formule approach ever more closely those of radiation theory. 








* This is supported by the calculation of the second order contribution to the 
self-energy of the electron by Weisskopf on the basis of Dirac’s pcsitron theory. 
For an electron at rest, this self energy diverges and may be written 
Py : 
E ~ 2— me? log *.. 
he y 
In view of the arguments given in the text this divergence would disappear if radi- 
ation damping had been taken into account. We might put k ~ 137 me, being the 
limit at which radiation damping becomes important for a point charge, or even 
k~ 3X 137 me (Bhabha, 1940 a, b) being the limit at which radiation damping 
becomes important for a spinning point dipole. 
compared with me. 
Ala 


In either case, the self energy is small 
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The g, interaction, which we shall call the “ mesic charge ”’ 
valent to the electric charge e in the Maxwell theory. What we have said 


above about the divergences in electron theory then applies in every parti- 
cular to this term. 


is exactly equi- 


The term corresponding to the g2 interaction, which we shall describe 
as a “‘ mesic dipole’’, is absent from electron theory, although there is 
mathematically no reason why it should not appear there. In the quant- 
ised theory of neutral mesons this term is known to lead to greater diverg- 
ences than the g, term, but an exact classical treatment has shown that 
there are really no divergence difficulties with this term either. It will be 
proved in a paper with Corben that the singularities in the field energy of 
a point dipole can be dealt with exactly as in the case of a point charge. 
As the classical theory shows quite clearly (Bhabha, 19404, 6) the greater 
divergences in the quantum theory for this term are entirely due to the 
greater importance of radiation reaction for this term than for the g, term. 
This radiation reaction can be taken account of classically, but has so far 
been neglected in the quantum theory. Moreover, a comparison with the 
classical theory shows that due to the empirical magnitude of the constant 
Z, this radiation reaction becomes important at comparatively low ener- 
gies, namely, iw = h V3 h/2 g.2~3c?. The rapid increase of various 
cross-sections above this frequency, and the apparent appearance of multiple 
processes due to the g, term are then to be regarded as entirely spurious, 
for a proper consideration of radiation reaction would do away with them. 
They have also nothing to do with the largeness of go. Indeed, it is interesting 
to note in this connection that in the exact classical theory the g, and g, 
terms give almost the identical cross-sections for the scattering of neutral mesons 
of very high frequency w by heavy particles. Due to the g, term this cross- 
section is 6 7/w* (Bhabha, 1939), and due to the g, term it is 4 7/w? (Bhabha, 
1940 a, b). For the purposes of this note, then, we shall put g,=0 when- 
ever we have to deal with very high energies, for the exact classical theory 
shows that the effect of this term will at most be of the same order of magni- 
tude as that of the g, term. 


The above considerations show that at least for neutral mesons a proper 
consideration of radiation reaction would not only remove all divergences, 
but cut down the cross-sections of various processes at high energies. It 


is also clear that at least for neutral mesons no Heisenberg explosions and 
multiple processes will appear. 


We are now in a position to discuss the last and perhaps the most 
important difference from radiation theory, namely that the meson field 
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itself may carry electric charge. Here one must distinguish two causes. 
All those difficulties and divergences which appear in the quantum theory 
of neutral mesons (but not in the classical theory) will appear for charged 
mesons also. The solution of these in the quantum theory must be the 
same as for neutral mesons. But besides these, the theory of charged 
mesons leads to divergences and other difficulties such as unduly large scat- 
tering cross-sections which do not appear for neutral mesons. The purpose 
of this paper is to try and remove these. 


Now, there are very great difficulties in the way of a classical theory 
of a charged meson field. The electric charge density of the meson field is 
(Bhabha, 1938) 

3 

oo= ie Z (OU, Gz ai U;z Gz) 

k=1 
where U, are the quantised vector potentials of the meson field, U, the 
conjugate complex quantities, and G, and G, the momenta conjugate to 
U;, and U, respectively. In a classical theory all the above quantities would 
commute. ‘Io prevent the above expression for the electric charge density 
of the field emitted by a heavy particle from vanishing identically, the 
“mesic "’ charge and current of the heavy particle and its dipole moment 
would have to be complex quantities. It is difficult to see what physical 
meaning could be attached to a complex quantity in a classical theory. 

I think it is only to be regarded as satisfactory that a classical theory 
of a charged mescn field does not seem possible, for in a classical theory the 
jump of a heavy particle from the proton to the neutron state would have 
to be replaced by a continuous process in which the electric charge gradually 
left the heavy particle and spread into space in the form of a charged meson 
field. Now if we regarded the electric charge, while attached to the heavy 
particle as concentrated in a point, then its field energy would in reality be 
infinite, for it would be infinitely higher than the state in which the same 
charge was spread over a finite volume in the form of the meson field. As 
can be seen at once from the previous discussion, the subtracting of the 
infinite field energy of a point charge is only possible if we regard the point 
charge as given and existing unchanged, for then this infinite field energy 
plays no part in any physical phenomenon. This would no longer be the case 
in a theory such as we are discussing now, and we should have to look at 
the electric charge when attached to the heavy particle as spread over 
a finite volume. ‘The difficulties in the way of treating such a picture of a 
charged particle have already been discussed. 


The above difficulty, however, does not exist for a quantised meson 
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field. For now, although when a proton turns into a neutron the electric 
charge becomes distributed over a finite volume as a charged meson field, 
this distribution is only statistical, and we may still regard the electric 
charge as always concentrated in a point. This is obvious if we consider 
the measurement of the electric charge carried by the meson field in any 
finite volume. As is well known, the result of such a measurement is that 
the charge is a positive or negative integral multiple of e, and in the present 
example it would be just e or 0 if the volume in which the measuremert is 
made were sufficiently large. Thus in a quantised theory in which an 
electrically charged meson field could be radiated by the heavy particles 
there does not appear to be this difficulty in regarding the electric charge 
as always concentrated in a point. 

The ahove considerations at least make it plausible that a solution of 
those specific difficulties which occur in the theory of charged but not 
neutral mesons and their interaction with heavy particles, is only to be 
found on a quantum mechanical basis. The most serious of these difficulties 
is that the cross-section for scattering of charged longitudinal mesons by 
heavy particles is of the order (Heitler, 1938; Bhabha, 1938) 


gi 2 4 

Here ~p is the momentum of the meson, and F its energy. It continues to 
increase quadratically with the energy. The corresponding cross-section for 
neutral mesons is zero if the meson be longitudinal, and of the order (Bhabha, 

8a 3) 

3 \Mc? 
1939) if the meson be transverse. Even in the quantum theory, this cross- 
section does not increase with the energy, but for very large hw 2 Mc? when 
ouantum effects set in, it actually decreases in analogy with the Klein- 
Nishina formula, as shown by Wilson and Booth. The reason for this differ- 
ence has been discussed at length in a previous paper (Bhabha, 1939). 
As mentioned there, the scattering is a second order process and there are 
only half as many intermediate states for a charged as for an uncharged 


meson. For example, fot the scattering of a positive meson by a neutron, 
the process can orly take place in one way. ‘The meson is fitst absorbed by 
the neutron which turns into a proten. It is then re-emitted. Fer the 
scattering of a neutral meson, there are two ways. The neutron could 
either absorb the original meson first and then emit the scattered meson, 
or alternately, it could emit the scattered meson first and then absorb the 
original one. ‘To avoid this difference I suggested that we might suppose 
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the heavy particles to exist in all states of positive and negative charge, 
of which only the two with the lowest rest mass, namely, the proton and 
the neutron occur with any frequency in nature. This assumption not only 
reduces the scattering, but it puts the theory of charged mesons on the same 
footing as the quantum theory of neutral mesons. 


This is the central idea of this paper, and we may formulate it thus. 
A heavy particle can exist in any state with an electric charge ne where n is 
a positive or negative integer, or zero, the rest mass in the corresponding state 
being M,,. Denoting by AM, the difference between this mass and the 
mass of the neutron, 
M, = M, + AM,, 


we must assume in order to account for the fact that so far only the proton 
or neutron have been observed to occur in Nature that AM, ? is positive 
and larger than about 15 million e-volts for all values of ” except 1. We 
might suppose that AM,, increases rapidly with increasing » forming a curve 
something like a parabola with its cavity turned upwards. The figure 
schematically represents AM, as a function of 7. 





Xx A x 
Cc 
= 
q 

x x 
=i = ni Oo ‘ 2e is 
Xx 
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This idea can at once be incorporated into the theory of charged mesons, 
even in the relativistic case, by a slight modification of the present formal- 
ism. The operators tpy and typ which change a neutron into a proton and 
vice versa, have now to be replaced by 7, and 7_, the former leading to an 
increase in the electric charge of the heavy particle by one unit and the 
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latter to its decrease by one unit. Heitler (1940) has recently used this idea 
to recalculate the cross-section for the scattering of charged mesons. The 
main result of this calculation is that AM, and AM_, have to be taken to 
be approximately 35 mc? or 17 million e-volts. This is high enough to pre. 


vent the proton of charge 2¢ or —e from occurring as a constituent of 
nuclei. 
It is clear that the proton of charge — ¢ is not the “‘ anti-proton’’ since 


its mass is very appreciably different from the mass of the proton. Since 
the existence of an anti-proton of exactly the same mass as a proton is 
a consequence of the Dirac equation the acceptance of the above idea would 
probably necessitate rejecting the Dirac equation for a relativistic theory 
of heavy particles, for it is improbable that a heavy particle could have two 
states both of charge — e with masses differing by about 17 M.e-V. 

Now if these postulated states merely remained as hypothetical inter- 
mediate states, they would be uninteresting. However there are a number 
of processes by which a proton of charge 2 e or — e could be produced in the 
free state. The circumstances under which we should expect these parti- 
cles to be produced will form the investigations of this paper. It will 
appear that although the chance of their being seen is small, so that they 
may have escaped observation so far, it is not so small as to make their 
observation very difficult if a proper search is made to this end. This posi- 
tion is satisfactory, for it allows one to decide by reference to experiment 
if the idea postulated above is correct or not. ‘The purpose of this note is 
to draw attention to this possibility so that a proper search may be made 
for these particles. 


Disintegration of Protons of Higher Charge 


It is clear that since the rest mass of a heavy particle in a state of 
charge other than 0 or ¢ is much greater than in the proton or neutron 
state, all such states will be unstable as a result of B-disintegrations. 


The calculation of the life time can be carried out sufficiently well on 
the original Fermi theory (1934). We give only the result here as the calcu- 
lation 1s straightforward. Since AM is of the order 35m, the recoil 
momentum P of the initially stationary heavy particle is small compared 
to Mc, M being the approximately equal mass of the proton or neutron. 
The heavy particle then only takes up momentum but negligible kinetic 
energy. We find for the rate of disintegration in which the f-particle 
emerges with momentum between p and # + dp the expression 

64 a4 g? 


ar (AM — E)* p* dp. 
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This is but a special case of Fermi’s expression for the B-decay, where we 

have neglected the influence of the charge of the heavy particle on the wave 

function of the B-particle. ‘This is justified in our case as the heavy parti- 

cle charge is of the order e. Here g is Fermi’s constant, and has the value 
g~4-10-° erg cm.3 

Integrating this rate of disintegration over all momenta of the emerging 

B-particle, we find that the life term 7 of the heavy particle is given by 


| 64 a? 82 m® ct No No V1 + ne er 
= [ - 4 er 12 2 30 =< 4 log {No ry 1+19 1] 


7 hh 


where mcny is the maximum momentum of the f-particle given by 


be 


The expression outside the square brackets is of the order 9-2 x 10-® sec. 
For large AM the above expression can be written 


D es on). 





= 3-08 x 10-7 
¥ m 


Putting AM/m ~ 35 we find 

T~% sec. 
This is quite long enough for the heavy particle of higher charge to be 
observed in a Wilson chamber if it emerged as a free particle. 


Collision of Heavy Particles 


We now consider the cross-section for the following processes which 
may lead to the creation of protons of charge 2 e or —e if sufficient energy 
is available. 

P+P—>P,+N (1) 
N -+N—->P_,+P 
> denotes a proton, N a neutron, and P, and P_, the proton of charge 
2e and — e respectively. We shall restrict ourselves to the case where the 
heavy particles may be treated non-relativistically. 


This process, like all those involving two heavy particles, can take place 
in two ways. Tirst, it may take place by the intermediate emission cr 
absorption of a charged meson. ‘The interaction for this has been given by 
several authors.* We will take it in the form given by J, equation (58 a) 
of my paper (1938). The only alteration to this interaction in the present 


calculation is to replace the operators tpy and typ by 74 and 7_ respectively. 





* Kemmer (1938); Froéhlich, Heitler and Kemmer (1938); Bhabha (1938) called 
A in this paper; Yukawa, Sakata and Takitani (1938). 
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Secondly, there may also be a direct interaction between two heavy parti- 
cles in the form of 6-functions. These must be so chosen as to exactly 
cancel the 6-functions that appear in the interaction between two heavy 
particles through the meson field. As shown in A, this can be done exactly 
in the relativistic case. With the above expression for J, this 5-function 
interaction in the non-relativistic approximation for the heavy particles to 
which we restrict ourselves here may be written* 


a ne eo 
D for (74) r_@) 4 7) 7, @) fo? + go (of), of?))] (5) $ (x, — X;) (2) 


~ 


where oa), o@) are the three Pauli matrices for the two heavy 


particles 
l and 2, and X,, X, their co-ordinates. The meson mass is denoted by 
pw, and go’ = £2 we/h. 


Let one of the particles be initially at rest, and the other move with 
momentum fy, and kinetic energy Ky. Let this latter particle be scattered 
through an angle @ and let its final momentum be fy, so that (Py, Po) = 
cos 0. We denote by M the approximately equal masses of the proton and 
neutron, and just write AM in place AM, and AM_,. The total final 
kinetic energy is then 


, pt (Po ~ PAL Py? , (Po — Py, ‘ 
* ot 9 (M+AM) 2M 2M‘ OM (3 
Conservation of energy demands that 


be pf? (Po — py)” 


+ AMec’. 
mM mt wm +4 (4) 
from which it follows that 
bp =4 Po cosO9£ 4 Vp? cos? 6 —4M AMe (5) 
Thus for every scattering angle 6 there are two values of the momentum 
possible. The maximum scattering angle 4 is given by 
2 4M A Mec? 2A Mc? 
cos* Onan 2 5 ° (6) 
Po wT) 


Thus this process will not take place unless 

Be 22 A Me. 
This is important, for it means that if AMc? ~ 17 M.e-V., one of the heavy 
particles must have a kinetic energy of some 35 M.e-V. before the process 
becomes possible. 


* The constants 9, and g,’ have the dimensions of a charge, and differ from those of 
A by a factor 1/ 1/477 Ac. 
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The differential cross-section for the scattering process in which the 
heavy particle is scattered into a solid angle dQ in the direction @ is as usual 


Aq? * Mc aps 
dQ = 7 
2- i oF = (sa) dQ, 7) 


where the matrix element N is given by 


(f | 4! m) (| F,| 2) 


" f | D| ) , m i; ‘ Em (8) 


Here i, m and f denote the initial, imtermediate and final states of the 
system of heavy particles plus the meson field and E; and E,, the total 
a of the whole pe in these respective states. The matrix ele- 
ments ({|45| m), (| 45] 7) are exactly the same as before. The only difier- 
ence ard oldic es calculation and the previous one of the neutron proton 


scattering is in the denominators F; — E,,. There are now two inter- 


mediate states m. 


(P,™ + ¥Y- + Pt?) \ 


(1) ats): ae Q) tt Ne 
i I {PO " Y “ i Ne) P, ) T Ni ). (9) 
For the top intermediate state we have 
BE; —-EuaF K — AMc, (10 a) 


where Eis the energy cp? + p? for the meson Y~ in the intermediate 
state. Its momentum is given 
P = Po Py (11) 

For the other intermediate state 

i; | ee a E. (10 b) 
Using the expression (58a) of A for 4) and the expression (2) above we 
easily find as in A that N can be written as the matrix element (f|W |) of 
a function W, where W is given by 


Co 

= 
t 

ro 


. h\ . ‘ a oe “ 
W zi) ( A= 2. ~ (a), o(?)) ps a + 25 = (04.0440) a 41) 2p(*)) 
Pp 


The summation is over all momentum states p of the meson. In the nota- 
tion of the previous paper o!), of) are the Pauli spin matrices of the two 
heavy particles, and o,, and o,, are the components of these matrices along 
the two transverse polarisation directions of the meson in its intermediate 
state of momentum p. The only difference from previous calculatioas js 
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the appearance of the factor in curly brackets in (12) which was previously 
unity. We may write for this factor 

E+¢AMe | AM@ 2, AMe ‘a 

E+ A Mc 2(E + A Me?) 2B ’ 7 
since E > pc? > A Me. For the actual cross-section (7) we only require 
(f| W| 7) in which case due to the exponential at the end of the expression 
(12), the summation over p drops out, and only that momentum # satisfy- 
ing (11) gives a non-vanishing contribution. 

To get the final cross-section for the process (1) we must remember 
that both the colliding particles are identical, so that exchange will have 
to be taken into account. ‘This can be done easily if we remember that the 
particle with the initial momentum py may either go into the state of 
momentum p; the othe: particle recoiling with momentum po — p, or alter- 
nately, the colliding particle may itself go into the state of momentum 
Po— pr in which case its change of momentum is po — (po— py) = py. 
Thus to the matrix element (f|W|7) = (ps| W|po) we have to add 
(po — py| W] po), 7-¢. the same expression with pyin place of p and EF; = 


cV/ p22 + p;? in place of E. 

As stated, for a given scattering angle 8, there are two definite values 
of p;. Conversely, we can at once express cos @ in terms of py. In the 
present instance this is more convenient. From (4) or (5) 


N Mc? 
po cos 9 = py + M — (13) 
} 


so that 
M A Mc?) dp, 
d cos 0 -(1 ~~. 14 
p? ~) bo “a 


The momentum given by (11) can also be expressed in terms of py by 
using (4) 


bp = Vp2 — pf — 2M A Me. (15) 
Using (3) we find that 
dE 1 a ] 4) 2 / 
ob, ~ M V pe cos? 6 — 4M A Mc” = ut (7 _M = ), (16) 


Averaging over the two possible spin directions of the heavy particles and 
using the above relations, we find after some calculation that (7) reduces to 


ao mao) Ge) UE) BGR) & aC) +n) ee 


(17) 
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where 
cp AM’ $ cp 
nue oe +o ee (18) 
a EK “ E;? Ey “ 
The last two terms of R are due to the effects of exchange. The terms 
containing AM in R can be neglected at once, for they only become com- 
parable with the other terms when 
1 p AMe 5 


iw 


= 2(saa) pe ~ 1Ope. 


For such high momenta the heavy particles would have to be treated rela- 
tivistically and the above cross-section would in any case not be correct. 
For very high momenta the eflect of relativity is again to diminish the effect 
of the difference in the mass AM as a more accurate consideration of the 
resonance denominators (10a) and (10 4) shows. The only effect of AM is 
in determining the maximum and minimum values of f;. From (5) we find 


(Pr) max = + do + 4 / ie —4MA Mc? 
(Py) min ee + Po am V po . 4M A Mc? 


Integrating (17) we find that the total cross-section can be written 


A\? 0 ( (21 g yt uw? ct ¢/ Eo (Ko — 2 A MC) 
C = E 9 - 0 0 
aiid We He) sie (@ Ky (EB? -- E,(t.—- A Me) 


(19) 


top 


tt jog E_+ VE (By 2A MA) 2 ey M pe? 
: 7 E’ — VE, (BE, — 2A Me) f bh Eo 
log 5 ol + VE (E,— ae = = ‘ye Mc? (20) 
— VE, (E,—2AMe)  \itc ‘ 
where 
__ wc? + a Y 2 9 
wt Eo — A Me’. (21) 


We notice that this expression after reaching a maximum decreases for 
increasing Ey. It goes over into the usual cross-section for neutron proton 
scattering if AM is put equal to zero. Taking g,*/hc ~ 1/25 and putting 
£.= 0, the cross-section due to the g, term for Ey ~ 50 M.e-V. becomes 


QM ~ 2-3 «x 10 2% cm? (22) 
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The contribution due to the g, term alone is larger, mainly due to the factor 
(M/m)*. Putting g."*/fic ~ #y and E,y= 50 M.e-V. we get 

QC) ~ 3-2 « 10-5 em? (23) 
The cross-sections for the reverse of the processes (1) in which a proton 
of charge 2 e or — e is converted into an ordinary heavy particle by collision 
with a neutron or proton respectively are given by (17), (20) and (21) if we 
merely change the sign of AM. ‘The reverse processes in which the kinetic 
energy of the whole system increases are naturally possible for all kinetic 
energies. ‘The cross-sections are of the same order of magnitude. For 
FE, ~ 50 M.e-V. and g.”/hic ~ 25; we get 

Q,~ 8 x 10° cm.? (24) 
We shall require the cross-section for this ee in particular when E, is 
very small. Remembering that Ey = Mv?/2, v being the initial velocity of 
the colliding particle, (20) with the sign of ‘AM reversed becomes 


2, (oy =r6 =» (OY St (Ge) G) ‘Gre gs) 
a ( ey 4 “ (%-y ) 2? c 
1 l lic - C ) BE” 


” pe c = 2 “ 
BR” = “— +A Me’, (26) 
M 
which holds when Ey < AMc?. ‘The only dependence on the energy is 
expressed by v, the rest being constant. With the same values for the 
constants as above, we tind 


with 


Cc 
Q, (0) ee 


2-15 x 10° cm? (27) 
It is also of interest to know the interaction of a proton of charge 2¢e 

with a proton. ‘This is of course again an exchange interaction 

P) + PC) —> Pl) + Pl), (28) 
Again, the only difference between (28) and the process (1) lies in the differ- 
ent energy denominators. It is easily seen that we now have in place 
(10 a) and (10 b) respectively 

E; — Eni = —E + AMC? 

KE; —Een ~ —E — AMe, (29) 
so that the only change is in the factor in curly brackets in (12) which now 
becomes 


- ; ( AMe?)? 
I aaa! + = (30) 
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The interaction is got by inserting (29) in the curly bracket in (12) and carry- 
ing out the summation over all momenta. ‘This summation may as usual 
be replaced by an integral. We find that 


W =Wi+ Wz, (31) 


where, writing x = pe/h, 


W, = (7, (1) TT. (2) oa 7_ (1) T. (2) ) o.2 + 2o° (a), a(?)) 


dl 


oO "2 é X | X,—X, | 


_52 o) ‘ (2) grad)| SoZ 
(o), grad) (o@), grad) xm — Xl’ (32) 


is the same as the neutron proton interaction, and 


7 
We de rg 2) 4 nga, (A Mere FF FSET at + ge (0, of 
. 


o,'2 Fe 22 fp2 : o. %~—R) 
o (0), grad) (e®), grad) | “A eh P ; 


After some easy calculation we find that the second part becomes 


We = — (744) 72) + 7) 7,02) alk gy? + ge’? (olt), of?) - 


im . (7s v 


9 


16 + go’? (of), of) — 62 | (of), grad) (o®), grad) yer. (34) 


Ww 


This additional interaction is smaller than the usual interaction by a factor 
(AM/u)? and hence is unimportant in most cases. A term like (34) exists 
also for the neutron proton interaction but AM being of the order m in 
this case is entirely negligible. 


The above calculations have been made on the unsymmetrical meson 
theory where only charged mesons are assumed to exist but no neutral 
mesons. If the calculations had been done on the assumptions which lead 
to the charge independence hypothesis, then the scattering cross-sections (20) 
would have been smaller, since the values to be assumed for g,?/Ac and 
go*/hc are smaller. According to Kemmer (1938 b) we must assume ¢,?/he 
~ 1/35, go'*/hc ~ 1/14 which reduces (22) roughly by a factor two, (23) 
remaining the same. 


Besides this, the introduction of neutral mesons naturally leads to an 
interaction of the same magnitude as (32) between a proton of charge 2¢ 
and a neutron. The term (34) is now absent. ‘The same applies, of 
course, to the interaction of a proton of charge -- e with a proton or neutron. 
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Creation of Protons of Charge 2e and — e by Mesons and Protons 


We now consider the process in which a positive meson is absorbed by 
a proton with the emission of a quantum of radiation, the proton changing 
into a proton of charge 2e and also the corresponding process for a negative 
meson. 
Y-+N—>P_ +hyv . (35) 
Y++ P +P, +hy. 


The difference in mass between a proton of charge 2e and a normal proton 
will naturally not effect this process appreciably, except in so far as it con- 
cerns the conservation of energy and momentum. ‘The matrix element will 
be the same as for the process 
Y+ +N >P + hyp. (36) 

The processes (35) and (36) can take place either as a second order processes, 
involving the separate interactions of the meson with the heavy particles 
and light quanta respectively, or it can take place as a first order process 
through an interaction term which involves both the mesic and the electro- 
magnetic interactions at once.* This term is given explicitly by (58 b) of 
A. In calculating (35) we meet with one difficulty. The process involves 
the absorption of a meson from the free state, and a large contribution will 
come from the g. interaction. Moreover, as we have mentioned above the 
quantum theory will give an entirely wrong energy dependence for this term 
for high energies due to the neglect of radiation reaction. Hence we can 
only make a fair estimate of the cross-section by considering the g, term 
alone, for which in the non-relativistic region for the heavy purticles with 
which we are concerned, the eftects of radiation reaction are negligible. 

We can now take over the result of Kobayasi and Okayama (1939) for 
the process (36). Dencting by p the momentum of the meson, by E its 
energy and by k the momentum of tne light quantum, the differential cross- 
section for the process (35) in which the light quantum is emitted in the direc- 
tion is, according to Kobayasi and Okayama 


a. ae ‘ wer 
) = He." 6 < a 4 x = ¥ 
dC Sr @ ) COs 6+ E (1 +sin 6) § i, d cos 0 (37) 





* The process (36) was calculated by Heitler (1938), but by an error the term 
which gives a first order contribution to the process was omitted. Since the effect of 
this term is largely to cancel the effect of the second order 


process, unfortunately no 
reliance can be put in his result. 


+ According to Belinfante (1939) an error of sign has occurred in the calculations 
of these authors. Belinfante however does not give the correct result. 
rechecked the cross-section (87) as given by Kobayasi and Okayama. 
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where 
EP = cp? + ck? — 2 c*pk cos 8 + pict. (38) 
Here & is connected with E by 
E =ck + AMe?. (39) 


Integrating (37) over all angles, we get for the total cross-section 


0=(E)G) Oar ee 
- hc hc c E : " Ae 
wes L, {Cz re i) (A M)t+ 4ut ct pel 
{(E)? + cPh?} pic? | EP + Ch? + 2c? ph _ - i 
+ 4c*prk? 08 E? +4. c2k? — 2c? pk pk : ( ) 
For p> wc the expression in square brackets of (40) tends to the constant 
value } so that the cross-section does not increase indefinitely with increas- 
ing energy: Taking g,*/Ac ~ 35 this gives for E = 1-4 pc?* 
Q~5 x 10° cm.? (41) 
Two other processes leading to the creation of protons of charge 2e and 
—e are 
AIv+P->P, +Y- 
aes Be (42) 
hv + N = P_jy+ kaa 
The cross-sections for these would only differ from (40) by a factor p?/2?. 
They are, of course, of the same order of magnitude as (41). 


Discussion 

Kor brevity in the present discussion it will be convenient to speak of a 
“heavy ’’ proton whenever our remarks are meant to apply both to a proton 
of charge 2 e and a proton of charge —e. The above calculations show that 
by far the most probable processes leading to the creation of heavy protons 
are those involving the collision of two heavy particles as represented by 
(1). The cross-section (23) shows that an energetic proton would have to 
transverse on the average about 5 grs./cm.? of hydrogen in order to produce 
a proton of charge 2e. ‘The only necessary condition is that the proton at 
every point of its path should have a minimum energy of about 35 M.e-V. 
This minimum energy is conditioned by the need to conserve energy and 
momentum in the collision. For collision with a proton in a nucleus the 
minimum energy could be much less. On the other hand, the effective cross- 
section per nuclear proton will be smaller for two reasons. First, the proton 
of charge 2 ¢ will only escape from the nucleus if it is produced near the 
surface and hit in the outward direction. Otherwise it will get reconverted 
into an ordinary proton by collision with another particle in the same 
nucleus. Secondly, its double charge will make the chance of its 
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penetrating the Coulomb barrier of the nucleus much smaller than for a 
proton. As a rough estimate an energetic proton would have to traverse 
some 2% cms. of water in order to produce a proton of charge 2 ¢ as a free 
particle. Correspondingly, a neutron of high energy would have to traverse 


about the same distance in water to produce a proton of charge — e. 


Now protons or neutrons of this energy are very rare at sea level. 
They do, however, occur frequently in nuclear explosions produced by cosmic 
rays, as photographed in a Wilson chamber or recorded in the emulsicns of 
photographic plates. Experiments with photographic plates have shown 
that the radiation responsible for these explosions increases rapidly with 
height. Experiments at high altitudes either with a Wilson chamber or 
photographic plates would be most likely to reveal the existence of a proton 
of charge 2e or--e. We shall return to this point later. 


Formula (41) shows that the chance of a heavy proton being produced 
by a meson or a photon is extremely small. Moreover, the cross-section 
(41) is so small that it would not in any way affect the observed penetrating 
power of charged mesons. In fact, the above calculations and discussion 
show that the assumption of allowing heavy particles to exist in states of 
all integral charge so reduces all cross-sections for charged mesons as to bring 
the theory into harmony with the observed penetrating power of mesons. 
One also sees that the cross-sections do not continue to increase with increas- 
ing energy, as was originally the case for charged mesons even with the g, 
interaction alone. ‘The calculations of Heitler (1940) on this idea have 
shown that it also decreases the divergence in the expression for the anoma- 
lous magnetic moment of the proton. Of course, the g, interaction will still 
lead to cross-sections which 1acrease with the energy but reasors have been 
given in the discussion of the introductior for attributing this increase to 
neglect of the effects of radiation reaction. 


It is also possible for a meson to be absorbed by a nuclear particle with- 
out the emission of a quantum of radiation. The extra momentum 1s now 
taken up by the other nuclear particles. The cross-section for the absorp- 
tion of a positive or negative meson by the conversion in a nucleus of a 
neutron ivto a proton or vice versa has been calculated by Sakata and 
Tanikawa (1939) and is of the order 4-5 x 10-*8c/vcm.,? v being the velocity 
of the meson. This is some ten times greater than (41) or even more, depend- 
ing on the velccity. The corresponding process for the creation of heavy 
protons would be of the same order. It would become quite effective for 
very slow mesons. 


The ionisation produced by a particle only depends on its charge and 
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velocity, and this combined with its mass then determines the range of the 
patticle. The rate of energy loss of a heavy particle moving with non- 
relativistic velocities due to ionisation may conveniently be written in the 
form 


de 
_—_— aa log e, (43) 


32 mp ctz?m 


~ eM (44) 


and € is connected with the energy E by 
m #3 
=f 4 (45 
( Mh). ) 
Here p represents the number of electrons per cubic centimetre of the sub- 
stance traversed, m the mass of the electron, M that of the ionising particle, 
ze its charge and E its kinetic energy. E is the mean ionisation potential 
of the substance traversed and following Bloch is to be put equal to 13-5Z 
e-V., Z being the atomic number of the substance. For air we may take 
B = 94-5 e-V*. The formula (48) can be integrated at once and gives 
the range / by 


€ 
1 é il ; 
a= f ee -- Fi (log, €g) (46) 


<@ 

FE; (log, «) is the well-known logarithmic integral and has been tabulated 
(see, for example, Jahnke-Edme Table of Functions). ¢€ 9 is some suitably 
chosen lower limit. We can determine it by comparison with the ranges 
calculated by Bethe for low energy particles. In this paper ¢, has been so 
chosen that for E = 10% e-V. for protons and a-particles the ranges given 
by (46) should agree with the corresponding ranges given by Bethe. Using 
this formula the ranges of protons, protons of charge 2e and a-particles 
have been cilculated and are given in the table below : 


Ranges of particles in centimetres air 
Energy in e-V. 106 107 108 
Protons of charge e 1-3 128 8-79 x 108 
Protons of charge 2e 0°3 32 2-2 x 108 


a-Particles 0-1 11-04 681 4-86 x 104 
* The ranges calculated in this paper are different from those of Bethe (1933) 
because of his having taken K = 37e-Y. The Bloch formula fits experiments better, 
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The mass of a proton of charge 2e being nearly equal to that of an 
ordinary proton, (44) shows that its range will be exactly a quarter that of 
a proton of the same energy. For the same velocity, the track of a proton 
of charge 2 e will look exactly like that of an a-particle, or for the same 
energy, the proton of charge 2e¢ will show somewhat more than half the 
ionisation of an a-particle. 


In many experiments it is of interest to know the average ionisation 
along the whole track of the particle as a function of the range. ‘This 
average ionisation may simply be defined as E//. For log, «> 1, (46) may 
be written 

€ 
log, €’ 


as 


which leads very roughly to 
«= al log, al. 


Using (44) and (45) we get 


E es M 27 p e* log al . 
l m l 


Thus, for the same range, the average ionisation of a proton of charge 2¢ 
is roughly twice that of an ordinary proton, and that of an a-particle twice 
that of a proton of charge 2e. Using (46) a more accurate calculation can 
he performed numerically. This has been done and it is found that for 
large / greater than about 10cm. air, the average ionisation of a proton 
of charge 2 ¢ is 2-2 times that of an ordinary proton of the same range, while 
that of an a-particle is 1-8 times that of a proton of charge 2 e. Even for 
shorter ranges the above figures are not far out. 


Experiments have been made by Schopper and Schopper (1939), in which 
the average distance between two developed grains along the track of parti- 
cles in photographic emulsions has been plotted as a function of the range 
of the particle. In this way it is possible to distinguish at least two types 
of particles, one group being identified as protons and the other as a-parti- 
cles. The identification of the second group as due to a-particles is by no 
means certain, especially for the longer ranges. One can only say that it 
is due to a particle with a greater charge than the proton. In fact their 
farthest point for the second group is at a range of 2000, while the next 
farthest is at a range of 100u. While the latter point might almost cer- 
tainly be attributed to a-particles as it is very near the point for a-particle 
from known sources, it is not clear to me that the farthest point is also to 
be so interpreted. On a diagram like theirs, the curve for a proton of 
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charge 2e would lie between that for a proton and that for an a-particle. 
Unfortunately the statistical errors are large, and the average distance 
between two grains in a track in a photographic emulsion is not very sensi- 
tive te variation in the ionisation. It is, therefore, not possible from their 
experiments to draw a definite conclusion one way or the other on the 
existence or non-existence of a proton of charge 2e. Jf one is correcc in 
attributing the farther point at a range of 2000 » to a-particles, then their 
experiments might be taken to irdicate that a proton of charge 2 does 
not appear as frequently as an ordinary proton. ‘This is in any case to be 
expected theoretically from what we have said above about the emergence 
of a proton of charge 2e from heavy nuclei. More extended experiments 
with plates at high altitudes especially if surrounded by hydrogen contain- 
ing substances could settle this point. The Wilson chamber technique is 
of course more sensitive in revealing differences in ionisation of particles 
of the same range due to differences of charge and mass. 


Summary 


The previous paper having shown that all divergences and large cross- 
sections for neutral mesons being due entirely to neglect of radiation re- 
action, an attempt is made in this paper to remove those difficulties in the 
theory of charged mesons which do not occur in the theory of neutral mesons 
by following up an idea put forward tentatively by the present author some 
time ago on the ground that it would diminish the excessive scattering of 
charged mesons. It is assumed that the heavy elementary particles can 
exist in states of all integral charge, positive, negative or zero, the different 
states having different rest masses, of which the states with charge 0 and 
e (neutron and proton) must be assumed to have the lowest rest masses, 
while the proton states of charge — e and 2 ¢ are assumed to have the next 
lowest. The cross-sections for the creation and annihilation of protons of 
charge 2¢ and —e by several processes are calculated. The collision of 
a fast proton with another stationary proton is the most effective process 
for creating protons of charge 2¢, the cross-section being of the order 
10“’?cm.2. The colliding proton must have a kinetic energy of at least 
35 M.e-V. Neutrons of the same energy would produce protons of charge 
—e on colliding with neutrons. The cross-sections for the production of 
protons of charge 2e¢ and —e by mesons or photons are of the order 
10-7 cm.? The life time for spontaneous decay of these particles is of the 
order of 4 seconds, while the life time in air for reconversion into ordinary 
protons or neutrons by collision with a nucleus is of the order Z 10-7 secs. for 


low velocities. These particles have an interaction with the proton or 
A8 F 
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neutron which is the same as the proton-neutron interaction with small 
additional terms. The energy-range relationship is calculated. The 
mean ionisation along a tract of a proton of charge 2e¢ is nearly twice 
that of a proton or half that of an a-particle of the same range. 
If the theory is correct these particles are expected to occur in the nuclear 
explosions produced by cosmic rays, though less frequently than ordinary 
protons. Study of Wilson chamber photographs and photographs of nuclear 
explosions in the emulsions of photographic plates especially at high 


altitudes might be expected to reveal or dispreve the existence of these 
particles. 
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I. Introduction 


THE application of the classical method of least squares to the analysis of 
field experiments, symmetrical or asymmetrical, has been dealt with at 
length by Fisher and Yates. ® When the experiments are symmetrical, 
the analysis assumes a simple form. When they are asymmetrical (which 
often happens owing to some reason or other beyond the control of the 
experimenter), the analysis can be done only by actual fitting of constants. 
In both cases the analysis of variance table that we generally prepare, gives 
some general idea regarding the different treatments. Further information 
regarding the treatments can be had by splitting the total sum of squares 
for treatments into orthogonal components. The method employed for this 
purpose, though simple in the case of ordinary randomized block and Latin 
square lay-outs, has not been dealt with fully so far in the case of non-sym- 
metrical experiments. The main purpose of this paper is to discuss the 
method for splitting the total sum of squares for treatments in any non- 
symmetrical experiment (simple as well as complex) into orthogonal compo- 
nents. It will be seen that the method outlined below is only an extension 
of a principle enunciated by Yates in some other connection, v1z., “‘ The 
general rule applicable to any group of fitted constants is to find the part of 
the sum of squares accounted for by fitting all the constants except those to 
be tested ”’ (p. 63, 5). 
II. Simple Experiments 


General Method of Analysis :—Let there be ~ treatments @,, 4, -:: ay 
replicated 7,, 72,--- 7, times respectively and distributed in q blocks, the 
vatious blocks having s,, S2, °°: s, treatments. It is clear that 

2, r, = 2% s, = N (Total number of plots). 
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Let the least square estimates of the treatments be @,, a --- ay, and let 
the block effects for each plot of the different blocks be /,, 6, --- b,, 
b,, by, «++ b, are so selected that 


74 aaa 
2! Sy b, = 0. 


The equations giving the least square estimates of a,, d,---a * 
by, by, ++ by are 
y,a, + sum of a number of terms like b, of blocks containing treatment 
a, = Ta, (Treatment total for a,) 
Volg tocttrseeee treatment = 5 ee 
te treatment a, = Ta, 
b,s, + sum of a number of terms like a, of treatments in the block 1 
= B, (total of block 1) 


bese a block 2 = B, 


bos, cee sae sr nc aie evens cba eae  cia eaed tc block q — B,. 


The above equations will enable us to estimate the values of a,, a: --- dy 
Now the problem is to test the general significance of the treatment 

effects. It can be shown that the s.s.* due to treatments plus residual error 

is equal to 

y, 

Sy 


— oft, the d.f.* being N-q. 


Total s.s. 


” Ma 


all 

The above result can be easily derived by fitting constants for the block 
effects and assuming that there is no difference between the various treat- 
ments. ‘The reduction in the s.s. due to fitting constants for the blocks alone 


9 


: 5. 
is 2% *y —c.f. 
r 
The s.s. for treatments + residual error 


= Total s.s. — ee “a —c.f. } (X) 


Thus we know residual error, and residual error plus treatment error, 
which give us the treatment s.s. 


A simpler explanation for (X) is that the expression (X) represents the 
s.s. within blocks and this is accounted for by two factors, one treatments, 
and the other residual error. 


* s.s. stands for sum of squares. 
c.f. sa ». correction factor. 
d.f. as », degrees of freedom. 
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At this stage it may be mentioned that if we want to compare the s:.s. 
due to blocks with the residual error, it is necessary to calculate the s.s. for 
blocks separately by finding the s.s. for blocks plus error and it is equal to 

2 
Total s.s. — | 2 Tn — c.f. \ 
Ys 

Splitting of the treatment s.s..—If we have reason to believe that the p 

treatments can be divided into a number of groups which account for the 


major portion of the s.s. due to treatments, the s.s. between and within 
these groups can be determined as follows : 


First estimate the s.s. for the p treatments. ‘Then constants for the 
groups are fitted and the s.s. between the groups is determined, 1.¢., if there are 
(say) four groups consisting of £,, p,., P; and p, treatments, we fit constants 
ty, ty, ts, ty, 5), by, »-+ by to the whole data and then find the s.s. between the 


groups. ‘The total s.s. for the treatments minus s.s. for the groups gives the 
s.s. Within groups. 


Orthogonal splitting of the s.s. within groups.—The s.s. having (p, — 1) 
d.f. within the group consisting of p, varieties can be obtained by subtracting 
the reduction in the s.s. by fitting constants for the group, the remaining 
varieties, and tlre blocks from the total reduction in the s.s. by fitting 
constants for all the varieties, and the blocks. The s.s. having (p. —1) d.f. 
within the second group is determined by subtracting the reduction in the 
s.s. by fitting constants for the two groups, the remaining varieties, and the 
blocks from the reduction in the s.s. by fitting constants for the first group, 
the remaining varieties and the blocks. By a similar procedure it is possible 
to determine the s.s. within the third and the fourth groups. 


In the above discussion the groups have been taken in a particular 
order, but it is not necessary to take them in that order. We can as well 
take them in any one of the 4 orders, and for every one of them we will get 
a particular value for the s.s. within the different groups. The safest course 
in these circumstances appears to be to base the conclusions on the basis of 
all the alternatives, if possible. Of course, this will not be practicable when 
there are a large number of treatments and groups. 


In this connection it may be noted that if the groups consist of only two 
varieties (or treatments), the s.s. within the first group is equal to the product 
of K, and the square of the difference between their least square estimates 
(obtained by fitting constants for all the varieties, and the blocks); K, being 
such that o”/K, is the variance of difference between the least square esti- 
mates. The s.s. within the second group will be the product of K, and the 
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square of the difference between their least square estimates (obtained by 
fitting constants for the first group, the remaining varieties, and the blocks); 
K, being such that o*/K, is the variance of difference between the least square 
estimates, and so on. 


III. Complex-Experiments 

General Analysis.—The analysis of non-symmetrical complex-experiments 
involving two variables can be made by finding (i) the s.s. due to all the 
combinations that occur in the experiment and (ii) the s.s. due to the main 
effects by fitting constants. The s.s. for the interaction between the two 
variables is equal to (i)—(ii). 

Orthogonal splitting of the s.s. for main effects and interactions.—It is 
possible that one may like to see whether the main effects can be classified 
into a number of groups and whether the interaction between and within the 
groups of the two variables is significant or not. Suppose in a complex-experi- 
ment involving ) x gy treatment-combinations, the main effects of p and q 
treatments can be classified into y and s groups respectively. In such a 
case the s.s. for py treatment-combinations can be split as follows : 

Main Effects : 

(i) Between 7 groups of p main treatments of the first variable—s.s. 
obtained by subtracting the s.s. for blocks from the reduction in the s.s. by 
fitting constants to the data for the groups and block effects. 

(ii) Within 7 groups of the first variable—s.s. obtained by subtracting 
(7) from the s.s. for main treatments. 

(iii) Between s groups of g main treatments of the second variable—s.s. 
obtained by subtracting the s.s. for blocks from the reduction in the s.s. by 
fitting constants for the groups and block effects. 

(iv) Within s groups of the second variable—s.s. obtained by subtracting 
(i227) from the s.s. for g main treatments. 


Interactions : 


(v) (¢) x (%t)—s.s. obtained by subtracting (7 + 717 + s.s. for blocks) 
from the reduction in the s.s. by fitting constants for the group-combinations 
tepresented by 7 x s groups and block effects. 

(vi) (2) x (2v\—s.s. obtained by subtracting (¢ +74 +i +u+5:.5, 
for blocks) from the reduction in the s.s. by fitting constants for the group- 
combinations represented by r x g groups and block effects. 

(vii) (27) x (%7)—s.s. obtained by subtracting (7 + 77 + 117+v+5:.5. 
for blocks) from the reduction in the s.s. by fitting constants for the group- 
combinations represented by p x s groups and block effects, 
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(viii) (i) x (iv)—this is equal to the total s.s for p x g treatment- 
combinations minus (1 + 1 +10 +iv +v +00 + v1). 


The method outlined above is valid provided each group consists of at 
least two treatments. If some of the groups contain only one treatment, it is 
necessary to make some alterations in the procedure for splitting the s.s. 
for treatment-combinations. The changes that are necessary in such cases 
will be evident from the discussion that follows regarding a 3 x 3 complex- 
non-symmetrical experiment which is commonly met with in actual practice. 


Orthogonal splitting of the s.s. for treatment-combinations for a 3 x 3 
experiment.—Let the treatment-combinations of a 3 x 3 experiment be 
represented by the scheme given below : 
































a | Bg Y 
A | ay ay a3 
B ay as ag 
C | ay ag | ag 








The ordinary analysis of such an experiment involving items : 
(1) s.s. due to a, B, y; 

(2) s.s. due to A, B,C; 

(3) s.s. for interaction between the two variables ; and 

(4) residual error, can be done as explained before. 


Further splitting of the s.s. for main effects and interactions can be done 
in a number of ways. The exact way can be decided only after an examina- 
tion of the least square estimates. The method for splitting the s.s. in one 
of the ways is indicated below : 


Main Effects : 


l. Between A and B—s.s. calculated by subtracting the reduction in the 
s.s. by fitting constants KX ( =a, = a, = @; = @4 = d; =e), @, Ag, Gy 
and block effects from that obtained by fitting constants A (= @, = a, = 43), 
B (= @4 = 4; = 4g), Az, Ag, @y and block effects. 


2. Between the group consisting of A and B, and C—s.s. calculated by 
subtracting the s.s. for blocks from the reduction in the s.s. by fitting con- 
stants x (=4@, =a, = 4, =a,=4;, =a), C(=a, =a, =a,) and block 
effects, 
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3. Between a and B—s.s. calculated by subtracting the reduction in the 
s.s. by fitting constants Y (= a, = a, = a, = as =a, = 4), Gs, 4%, ay 
and block effects from that obtained by fitting constants a(=a, = 
ay = 47), B |= a, = As = Gg), Ay, Ae, Ay and block effects. 

4. Between the group consisting of a and 8, and y—s.s. calculated by 
subtracting the s.s. for blocks from the reduction in the s.s. by fitting con- 
stants Y (= @, = 42, = @4= a; = @,=a,) and y (= a3 = dg = ay) and block 
effects. 

Interactions : 


5. 1 x 3—s.s. calculated by finding the reduction in the s.s. by fitting 
the following sets of constants : 


(i) All the treatment-combinations and block effects, 
(ii) Q (= a, = az = A, = G5), Ag, Ag, Az, Ag, Ay and block effects, 


(iii) M, (== a, = Qs), M, (= ay= as), as, a6, az, ag, ay and block 
effects. 


(iv) Q, (= 4, = 44), Qe (= z= a5), dy, Gy, Az, Ag, Ay and block effects. 
The s.s. due to interaction 1 x 3 = (t—1m) — (4 — a) — (iv — ii). 
6. 1 x 4—s.s. calculated by finding the reduction in the s.s. by fitting 
the following sets of constants : 
(i) Q( = 4, = 4 =ay=a4;), R (=@3 =a), az, ag, ay and block 
effects. 


(ii) X (=a, =a, =a; = ay = A, =), Az, Ag, Ay and block effects, 
this has already been determined (vide item 1), 


(iii) My (=4@, = 42), Mz (=4, = 45), @3, Gg, Gz, Ag, @y and block 
effects, this has already been determined (vide 177, item 5). 
The s.s. for item 6 = (117 — 11) — (¢ — 11) — item 1. 

7. 2 x 3—s.s. calculated by finding the reduction in the s.s. by fitting 


the following sets of constants : 


(i) Qi: (=4, =4,), Q2 (=a, =45), 43, ag, Az, Ag, My, and block 
effects ; this has already been determined (vide iv, item 5) ; 


(ii) Q (=a, =; o = 4s), Ss (=a, = Qs), Az, as, Ay and block 
effects ; 


(iti) Y ( =a, = @, =a, =a; =a, =4y.), Ay, ag, a, and block effects ; 
this has already been determined (vide item 3). 


The s.s. due to item 7 = (i — 11) — (a2 — i7) — item 3. 


8. 2 x 4—s,s. calculated by subtracting the s.s. for blocks and items 2 
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and 4 frcm the reduction in the s.s. by fitting constants Q (=a,=a, = a,4= 
as), R (= 43 = 4), S (=a, = 4g), ay and block effects. 


It may be mentioned that the method of subdivision of the s.s. for 
treatment combinations is analogous to that described by Yates for ordinary 
cases (p. 51, 8). Inthe case of simple randomized block or Latin square 
layouts, the interaction 1 x 4 is symbolically represented by }4(A — B) 


(a + B — 2y) =} (A — B) (*+" _,) = }(A — B) (average for a and B 


together minus y). When the above expression is translated for non-sym- 
metrical cases, it becomes K (A — B) (common value for the group consisting 
of a and B minus y). A careful examination of the methods employed for the 
calculation of the s.s. for main effects and interactions will reveal that while 
the s.s. for main effects is calculated on the same lines as the s.s. between 
groups in the case of simple experiments, the s.s. for interactions is estimated 
by subtracting the s.s. due to main effects as determined from the combina- 
tions tnvolved in the corresponding interaction, (vide item 5), from the s.s. due 
to the group-combinations in the expression for interaction. 


IV. Summary 


The application of the principle of least squares to the analysis of asym- 
metrical experiments (simple as well as complex) has been explained with 
special reference to the partition of the treatment sum of squares. 
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1. THE object of this paper is to prove the following results :— 
THEOREM I.) If 


x 3x? 428 
— 2. pe aeien 2, i aes 3. z —_ 
oe ert +e ey ta 
nv-2 xn-1 


! 


+4- ° (n —1)! e7nx a . 


then ¢ (x) = 1 when x lies between 0 and 1 and ¢ (x) is a steadily decreasing 
function for x > 1. ‘ 
THEOREM II. ¢’ (x) =0 for0<%x< 1; 
—2<¢'(x)<90 forx>1; 





¢' (1 +0) = —2. 
THEOREM III.? If » is positive 
1 l 1 , 3 4? 58 
n> atl @top  @+3p + @ +O tot 


and if d is the difference 


ee 2 e* 
(2—e)—-5 <d< —> 
n* n 
where «¢ is small for large values of n ; 


when » = 1000, the difference is approximately 10-*°®. 


2. ‘The function 
= nu-2 : 
= fe Te «te 
b (2) n=1(%—1)!° i (1) 
is regular within the loop of the curve e®()-! = | z| where R (z) denotes the 
real part of z. The loop passes through the points z=1, + i/e, —7 


where 7 is the root of the equation re4*7 = 1. It can be shown that 1 lies 
1 


between l/e and l/e***. The functions e-”* (0 <n) are regular in the whole 





1 Collected Papers of Srinavasa Ramanujan (Cambridge, 1927), p. 332, Q. 738. 
2 Ibid., p. 329, Q. 526. 
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plane and the series (1) converges uniformly in the circle | z| <p for every 
p<vr. Hence by Weierstrass’ theorem? on double series ¢ (z) can be written 


in the form } A, 2* for |z]| < p<y, where A, =1 and A, = 


n=0 
(= - __ mC, Qu-l + nC, 32-1... be ( —)* (n 4. 1)"-} for n> 1. 
n | { 


Since for positive integral values of n 


ex (ex — 1)* = (—)* {ee — "Ce? + --- + (—)* e+}, therefore comparing 
the coefficients of x*-! we get 
A, =0,2 >1. 


Hence ¢ (z) =1 for |z| <7. By the principle of analytic continuation 
¢ (z) = 1 within the loop. 
3. The function xe-* increases from 0 to 1/e as x increases from 0 to 1 


and then decreases to 0 as %-»0o. Therefore there exist two positive 
numbers ¢ > 1 and w < 1* satisfying the relation 


we-v = te (2) 

For such values wd (w) =?¢ (t). But ¢(w) =1 and therefore 
Ww 

$() =5. (3) 

Also 
- _ww— t 

¢’ (t) = i Pe (4) 

and 


P w (w—t) (3w— 2w? —t) 
¢” (t) = —— ee (5) 

For small values of h, w =1 —h, t =1 +h satisfy approximately the rela- 
tion (2). Hence 

¢@ (1 +0) =—-2 
and 

ge’ (L +0) = 4%. 

Since ¢ (w) = 1, therefore ¢’ (x) =0 for O< x <1. 

(3) proves that ¢ (x) is a steadily decreasing function for x > 1. To complete 
Theorem II it is now only necessary to prove that ¢” (¢) is always positive, 
or % (w) = 3w — 2w* —¢ is always negative. Now it is clear that ¢ (w) isa 
continuous function of w and is negative for small values of w and tends to 0 





3 Knopp, Infinite Series, p. 430. 
4 In what follows w stands for a number between 0 and 1 and ¢ for a number 
> 1 (2) specifies the relation between the two. 
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as w tends to 1. So we have merely to show that it has no other zero. The 
values of w for which % (w) = 0 satisfy (2) and therefore are the roots of the 
equation 3 — 2w = & (l-~), This equation can have only two roots.* But 
it is easy to verify that the line « = 3 — 2w touches the curve 4 = e” (-w) 
at w =1, uw =1. Hence the only zero of # (w) is at w = L. 


4. To prove theorem III we observe that 


1 1 3 42 . Y rs 
sti twee tase tweet -f ene (x) dx. 
rf 


ee | ene b (x) dx 


As ¢’ €) < 0 for x > n, this proves the first part of theorem III. 


By Theorem II, 


| fe ¢’ () dx | < 2 f e* dx =2e-* 


eo ; B 
| f e* () ax | > fe 4" (*) | dx where B> 1 


n n 


> |¢' (B)| (e*— Fn) 
> (2 — «) e, if we make B — 1 sufficiently 


small and » large. : 


It is a pleasure to record my thanks to Dr. S. Chowla for his kind sugges- 
tions and helpful remarks. 





° If f” (x) keeps the same sign, then any line cuts the curve y = f (x) in two points 
only. 
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